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ABOUT THESE PROCEEDINGS........

Due to the large number of papers present~< at the Conference, I have
divided the proceedings into two manageable volumes. At the begianing of
each volume is a list of all papers contained in both volumes, in actual
order of presentation at the Conference. This is also the sequence of the
published papers within these proceedings.

For the sake of completeness, both volumes contain the Attendees List,
Conference Agenda, Lists of Papers, Conference History, Acknowledgments
and this explanation.

Every paper is preceded by an abstract in a standard format. Some papers
may also have the original abstract included. Further, you may recall the
Q&A session we had at the end of each presentation. In cases where a
technical interchange did take place, the questions and answers are
documented at the end of each pertinent paper. Every paper did not have

a Q&A session, and I have included all Q&A sheets that were handed to me

at the end of each presentation. Except for a few minor editorial changes,
the information on these sheets has not been significantly altered.
Obviously, these sheets are as "good” as the inputs you provided.

In summary, I hope the above explanation was helpful. I have done what I
consider to be a thorough job of collecting and checking all the
information for these proceedings. Errors will occur, however, and while
I will entertain any comments and criticisms on this issue, these
proceedings will stand as published.

Thank you for your participation, and your patience!

Capt Vishnu V. Nevrekar November 1987
Earth Sciences Division

USAF Geophysics Laboratory

Hanscom AFB, MA 01731




ABOUT THE GRAVITY GRADIOMETRY (QONFERENCE .....

The Flrst Gravity Gradiometry Conference was held at the Air Force Cambridge
Research Laboratory {(AFQRL, now AFGL) in 1973. Its purpose was to provide

a forum to evaluate and compare the efforts of three vendors (Charles Stark
Draper Lab, Hughes Research Lab and Bell Aerospace Textron) in still-emerging
areas of gravity gradiometry. About 15 people attended, most of them from the
companies mentioned above or the Terrestrial Sciences Division at AFQRL. In
contrast, the 1987 Conference had a guest list of 70 plus attendees, with
particlpation from academia (foreign and domestic), private industry and
government. The papers presented were not restricted to gradiometry alone.
Indeed, the scope of this annual event has broadened considerably since 1973.

With the exception of the first two conferences, all the others have been
held at the US Air Force Academy in Colorado Springs, Colorado. The Geodesy
and Gravity Branch of the Earth Sciences Division of the Air Force Geophysics
Laboratory (AFGL), Hanscom AFB, Massachusetts, has always organized the event,
which usually takes place around the second week in February. This trend is
expected to continue.

If you are not already on our mailing list and would like to attend the
1988 Conference, or if you have any questions, please write to:

Ms Claire McCartney
AFGL/ LW
Hanscom AFB, MA 01731

Due to space constraints, we restrict the size of our Conferences to about 75
people. Attendance will generally be on a "first-come, first-served basis” once
the completed registration forms are returned to us. We shall mail these forms
later this year.

Wwhile we have a limited number of copies of the proceedings for non-attendees

of the 1987 Conference, copies of proceedings for prior years are not available.
Also, we appreciate any comments or suggestions you may have regarding this
document.
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(ONFERENCE AGENDA
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1900 - 2200 -~ Pre-Onference Get-Together at Hilton Inn
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Wednesday, 11 February 1987

0700

Depart Hilton Inn for Fairchild Hall
0730 - Registration - 3rd floor Fairchild Hall, South End
0745 - Welcome/Introduction - Capt Terry J. Fundak

0815 - Presentation by Dr. Georges Balmino of the ONERA (Office National
d'Etudes et de Recherches Aerospatiales).

"GRADIO Project: A SGG Mission Based on Microaccelerometers”

0845 - Presentation by Dr. G. Ian Moore of the University of Queensland.
"A Mercury Manometer Gravity Gradiometer”

0900 - Presentation by Mr. Ernest H. Metzger of Bell Aerospace Textron.

"Bell Aerospace Gravity Gradiometer Survey System (GGSS) - Program
Review”

0925 - Presentation by Dr. Frank J. van Kann of the University of Western
Australia.

“"A Prototype Superconducting Gravity Gradiometer for Geophysical

Exploration™

0952 - Preseatation by Dr. Warren G. Heller of The Analytic Sciences Corp.
"Gravity Gradiometer Survey System (GGSS) Data Processing and Data
Use™

1016 - Break
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"Self-Gradient Calibration of the GGSS in a C-130 Aircraft”
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Method”

Presentation by Mr. David M. Gleason of the Air Force Geophysics
Laboratory.

“Numerically Deriving the Kernels of an Integral Predictor Yielding
Surface Gravity Disturbance Components from Airborne Gradient Data”

Presentation by Mr. Al Jircitano of Bell Aerospace Textron.

“Stage II Simulation Results Using the NSWC Synthetic Gravity
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Depart Fairchild Hall for USAFA Noncommissioned Officers'
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Lunch - USAFA N Qub
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Presentation by Dr. Richard H. Rapp of Ohio State University.

“Gradient Information in New High Degree Spherical Harmonic
Expansions™

Presentation by Mr. John J. Graham of the Defense Mapping Agency
Aerospace (enter.
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Presentation by Mr. Mike Sideris of the University of Calgary.

"Effect of Terrain Representation, Grid Spacing, and Flight Altitude
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Presentation by Dr. Rene Forsberg of Geodetic Institute (Denmark)
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“Topographic Effects in Airborne Gravity Gradiometry”
Presentation by Dr. Alan H. Zorn of Dynamics Research Corporation.

"Observablility of Laplace's Equation Using a Torsion-Type
Gravity Gradiometer”

Break
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CGrustal Structure”
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- Presentation by Dr. Rene Forsberg of Geodetic Institute (Denmark).
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Ohio"
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THE EFFECT OF TOPOGRAPHY
ON AIRBORNE GRAVITY GRADIOMETER DATA

by

Mr. John J. Graham
Mr. Joseph L. Toohey

Defense Mapping Agency Aersopace Center

3200 South Second Street
St Louis MO 63118-3399

ABSTRACT

The reduction and conversion of airborne gravity gradiometer data to ground
level estimates of the gravity disturbance vector is currently of considerable
interest in support of short wavelength gravity modeling. A pressing problem
is the need for an accurate procedure for the downward continuation of data
acquired at altitude by the airborne Gravity Gradiometer Survey System (GGSS).
As part of ongoing investigations, a prism method has been used to calculate the
effect of topography on the gravity disturbance vector and the five independent
second-order gravity gradieats. Calculations of the contribution of topography
to the magnitudes of these gravimetric parameters were made at both surface and
elevated points in the Wichita Mountains of Oklahoma. Computations were made
utilizing Digital Terrain Elevation Data (DTED) with an assumed constaat density
of 2.67 grams/centimeters3 for the topographic masses. Results are presented
which reflect the use of DTED sets of different horizontal extent and grid

interval.
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ABSTRACT

The reduction and conversion of airborne gravity gradiometer data to ground
level estimates of the gravity disturbance vector is currently of considerable
interest in support of short wavelength gravity modeling. A pressing problem
is the need for an accurate procedure for the downward continuation of data
acquired at altitude by the Airborne Gravity Gradiometer Survey System (GGSS).
As part of ongoing investigations, a prism method has been used to calculate
the effect of topography on the gravity disturbance vector and the five inde-
pendent second-order gravity gradients. Calculations of the contribution of
topography to the magnitudes of these gravimetric parameters were made at both
surface and elevated points in the Wichita Mountains of Oklahoma. Computations
were made utilizing Digital Terrain EIegation Data (DTED) with an assumed con-
stant density of 2.67 grams/centimeters™ for the topographic masses. Results
are presented which reflect the use of DTED sets of different horizontal extent
and grid interval,
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THE EFFECT OF TOPOGRAPHY ON AIRBORNE GRAVITY GRADIOMETER DATA

I. INTROOUCTION

The field testing of the airborne Gravity Gradiometer Survey System (GGSS),
being built by Bell Aerospace/Textron for the Defense Mapping Agency, is
scheduled to commence before midyear. Therefore, methods for validation of
the system's ability to map the local gravity field to high detail through
gravity gradient measurements and their subsequent downward continuation/
conversion into surface gravity disturbance components are of pressing
interest. Validation can in-part be accomplished by estimating the influ-
ence of local topography on the radial disturbance, the deflection compo-
nents, and the second-order gravity gradients at both surface and aloft
stations. This report summarizes the results of computing topographic
terrain effects from the topography above mean sea level. The terrain
effects are calculated on the basis of homogeneous rectangular prisms which
model the terrain masses with an assumed constant density.

The surface computation points coincide with two astro-geodetic stations
located in the Wichita Mountains of Oklahoma. One is near Sunset Peak and
the other is on Mount Scott as shown in Figure 1. Terrain effects were
computed at these surface stations and at points directly overhead at
altitude 5000 feet ahove the geoid. Digital Terrain Elevation Data (DTED)
supplied the topographic model needed to compute the terrain effects. The
main goal of the study was to determine which DTED field should make up an
inner grid zone and to what radial extent outward. There was also a need
to establish the coarsest DTED representation permissible for the outer
zone and its span of coverage for adequate modeling of the local terrain
effects on selective gravimetric quantities.

[1. DISCUSSION

a. Objective

A major part of the short wavelength variation of the gravity field in a
local area is due to topography. Therefore, especially in mountainous
areas, one would anticipate the need for the best available topographic
elevation data in the immediate vicinity of a computation point. At some
further distance beyond this, a coarser terrain representation could be
utilized to make the computational process more efficient with a minimal
effect on results. With this premise, terrain effects were computed for
the stations shown in Figure 1 to establish the radius of an inner zone
for 3" point DTED which is our finest grain DTED. The computations also
allow the determination of the largest mean DTED representation that is
permissible for an outer zone and its span of coverage for adequate
modeling of the local terrain effects on selective gravimetric quantities.
These quantities include the radial gravity disturbance, the deflection
of the vertical components, and the second-order gravity gradients.

Inner zone modeling with mean DTED will indicate whether there is a need
for the exclusive use of point DTED for this area. Insight into upward
continuation effects is afforded with the inclusion of aloft computation
points.




b. Method of Analysis

A modified version of the Rene Forsberg prism program was run to compute
the topographic terrain effects. Tl program is discussed in Reference 1.
The right-handed coordinate system was centered at each computation sta-
tion with X pointing east, Y pointing north, and Z pointing up. Prisms
were formed from the geoid base up to the DTED topography of an assumed
density of 2.67 gm/cm” as illustrated in Figure 2. The integration was
performed numerically using the distances from station coordinates to the
eight corners of each prism. The surface station height was offset 1 cm
to avoid the central prism from being automatically eliminated from the
program and to avoid the station from being located within the central
prism boundaries.

¢. DTED Fields Used

A 3" point DTED field was built around the stations from the same data
that OMAAC sent to Bell Aerospace/Textron. Also created were 9", 12",
15", 30", 1', and 3' mean fields from the 3" point data. When using

both an inner field and an outer field around a station, the prisms must
properly fit together. If the inner field is the 3" DTED, then the outer
mean field must be a multiple of 6" for the prisms to fit together.

d. Formulation

Terrain mass modeling is accomplished with homogeneous rectangular prisms
in the calculations. Gravitational formulas for such prisms are known
from MacMillan's work on potential theory in Reference 2. The prism
dimensions for this study were controlled by the description of the topo-
graphy. Figure 3 shows the indefinite integral solutions that are used

to compute exact values for ten gravimetric quantities at the computation
point P in Figure 2 for a single prism. When the separation between a
prism and the computation point permits, approximate prism formulations
are used instead of the exact ones. Figure 4 gives details on how a
series expansion for a prism's potential may be derived by formulating

the reciprocal distance "r" as an infinite series in terms of the Legendre
polynomials. Using only the first few terms of the potential series, all
desired gravity quantities may be found by simple differentiation. The
exact formulation is normally used for the central prism while approximate
formulation is used for all remaining prisms to obtain the desired gravity
quantities.

1I1. RESULTS
a. Tabular Output

Tables 1 and 2 show the effects of topgraphic modeling by different DTED
fields within a 12' radius about the two surface stations. The various
terrain fields used were 3", 9", 12", 15"“, 30", 1', and 3' DTED. The
same investigation is repeated in Tables 3 and 4 for the computation
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points at elevation 5000 feet above the geoid and directly overhead the
ground stations. Terrain effect variations due to unit step increases
over the interval, 6' to 13', in the radius of a central zone of 3" point
DTED are shown in Tables 5 and 6 for the ground level stations. In the
remaining tables, terrain effects are accounted for by employing the 3"
point DTED in an inner zone and one of the mean DTED fields in an outer
zane. It waw discovered that the prism program requires the outer grid
field to be a multiple of 6" for the prisms to properly fit together.
This is the same as saying that if one extends the 3" field, then the
outer mean field grid points must coincide with a 3" point. Examples of
outer fields would then be 12", 30", 1', and 3'.

Tables 7 and 8 indicate variation in terrain effects caused by mean DTED
representations in an outer zone of radius 30' and an inner zone radius
of 12'. The means considered for the outer zone terrain modeling were
12", 30", 1' and 3' OTED. Each table displays results for one of the
surface points, Sunset Peak or Mount Scott, and the related overhead
point. Tables 9 and 10 reflgct the usage of 1' _mean DTED in two expanded
outer zones. one of radius 2° and the other 2.57 with an inner zone radius
of 12'. These are again composite tables for a pair of ground/aloft
stations. For the ground level stations, Tables 11 and 12 indicate ter-
rain variations due to inner zone modeling with different radial extents
over the interval 3' to 10' while the outer 1' DTED zone was extended out
to a radius of 2.5°. Tables 13 and 14 are composite tables for a pair

of ground/aloft stations where the terrain modeling was accomplished by
an inner region of 3" point DTED and an outer zone of 3' mean DTED. The
radii of the inner and 8uter regions were 5' and 2.5, respectively, in
one case while 6' and 3° in another,

b. Analysis

From Tables 1-4 the pronounced decline in the ground elevation at Mount
Scott with the increasingly smoother DTED modeling in a 12' central zone
indicates steeper terrain here than near Sunset Peak. A 200 meter change
in elevation occurred when the 1' DTED field was used instead of the best
3" point DTED representation. Tables 1 and 2 clearly show the need for
the best DTED modeling in the immediate vicinity of each ground station
as large gradient variations resulted even with the 9" mean DTED field.
The same requirement applies to the aloft stations even though the vari-
ations are not as striking due to attenuation effects with altitude.
Tables 5-6 show diminishing contributions from successive additions of 1'
bandwidths of 3" point DTED to a central zone with an initial radius of
6'. The aggregate contribution of the seven 1' bands is between -23 E
and -25 € on Tzz and 11-13 E on Txx and Tyy. These tables also show that
the off-diagonal gradients experienced magnitude changes of less than 1 E.

Later tables will indicate an improbable need for continuance of best

terrain modeling beyond the 6' radius. From Tables 7-8 the inclusion of
an outer band, extending from 12' to 30', has an impact of approximately
-12 € on Tzz, 5-7 E on Txx and Tyy, and between -0.02.-E and 0.7 E on the
off-diagonal gradients irrespective of terrain modeling by 12", 30", 1',
or 3' mean DTED. This beckons the use of either the 1' or 3' mean DTED
field for outer zone modeling. Tables 9 and 10 show that outer zone
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modeling with the 1' mean DTED field must extend to 2.5% for the diagonal
gradients to exhibit satisfactory convergence. For all cases, the span of
1' mean DTED from 30' to 2.5% contributes between -6 E and -7_E to Tzz
with approximately -0.5 E of that «=ming from the band 29-2.5%, This same
half-degree width band accounts for less than 0.4 E to the Txx and Tyy
values. Even lsss contribution to the results would be expected from any
band beyond 2.5 due to the nature of the kernel functions. With entries
in Tables 9-10 as benchmarks, results in Tables 11-12 show that the inner
grid radius for the 3" point DTED may be reduced to at least 5' or 6' for
a 2.59 outer radius with the gradient changes being 0.24 £ or less in
absolute value. Comparing Tables 13-14 with Tables 11-12 shows that outer
zone modeling, from 5' to 2.5° with 3' mean DTED instead of 1' mean DTED,
causes gradient changes with magnitudes no greater than 0.41 E. Selection
of the larger mean field would reduce computer processing time in that
fewer prisms are needed. It should be noted that each table contains re-
sults for the gravity disturbance and deflection of the vertical components
that the reader may examine. The deflection components were more affected
by distant topographic masses than the radial gravity disturbance.

When an outer grid is used, the inner grid values are extended further
than they were in Tables 1 through 4. For instance when the 3' field was
the outer grid and the inner radius was 5' as in Tahle 13, the portion of
fine grid used in computations agrees with that of the 8' radius of Table
5. Another example is when the 1' field was the outer grid and the inner
radius was 6' as in Table 11, This agrees with the portion of fine grid
used in computations for the 7' radius of Table 5. The inner field is
then extended by one unit of the outer grid spacing to form prisms that
fit next to the prisms from the outer field. This explains why the outer
grid must be a multiple of 6" for the prisms to fit together. This also
explains the increase in number of prisms for Tables 7 and 8. The 3"
field was extended further out by 1' and 3' which caused an increaae in
number of prisms. However, as one increases the outer radius to 37, a
decrease in number of prisms would be seen by using a 3' outer mean field
rather than an outer field of higher density. Computer time is thus
reduced by using the 3' outer field.

[V. CONCLUSIONS AND FUTURE CONSIDERATIONS

The inner field must be the 3" point DTED with an inner radius of at least
5'.0 The outer field may be 3' mean DTED with an outer radius of at least
2.5 . [If the field is big enough it would be advisable to use an outer
radius of 3° and an inner radius of 6' in general. This would allow
convergence of the topographic terrain effects within acceptable limits.
The 3" inner grid contributes the major portions of the qradient values
which means that the 3" elevations near the station coordinates must be
as accurate as possible. An inner grid that is a less dense mean field
would not yield the proper elevations near the station. The outer grid
may be thought of as fine-tuning the values until convergence is achieved
within acceptable limits. The 3 DTED tapes are written in 3' blocks
which makes it convenient to form 3' mean DTED fields for the outer grid.
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One must consider the computer time saved by using 3' mean DTED fields
for the outer grid as large numbers of stations are computed. The number
of prisms is cut down without sacrificing accuracy. About 90 secondg of
CPU time is added per station with 3' mean DTED out to a radius of 3~ and
3" point DTEQC out to a radius of 6'. The radial gravity disturbance and
second-order gradients converged within desired limits, The deflection
components will not converge as the outer grid radial extent is increased.
Conversion of the deflections into the other two disturbance components
does not give near the magnitude of the radial disturbance. We see the
high frequency nature of the second-order gradients by their rapid con-
vergence. The much lower frequency nature of the deflection components
will not allow convergence in the computation of the terrain effects.

In the future it would be desirable to augment the analysis with more
stations in the Wichita mountains. The spectral characteristics and
covariance funcions for both local topography and terrain effects should
be defined. Terrain effect computation by the FFT method may be investi-
gated in the future for reduction of computer processing time. Comparisons
of GGSS gradiometry data against gradients derived from DTED fields will
need to be made, It would be desirable to incorporate error propagation
into the topographic terrain effects programs as errors in the OTED and
density assumption become better defined. A major goal is to be able to
add long and intermediate wavelength information to terrain effects for
prediction of more accurate gravimetric quantities.
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EFFECT OF TERRAIN REPRESENTATION, GRID SPACING,
AND FLIGHT ALTITUDE ON TOPOGRAPHIC QORRECTIONS
FOR AIRBORNE GRADIOMETRY

by
Klaus-Peter SChwarz
Michael G. Sideris
I.N. Tziavos
The University of Calgary
2500 University Drive N.W.
Calgary, Alberta
CANADA T2N 1IN4
ABSTRACT
The fast Fourier transform (FFT) algorithm is used to efficiently compute
terrain corrections for airborne gravity gradients. The formulation of the
equations is given in detail, deriving the spectra of the gradient components
of the gravitational tensor directly from the spectrum of the gravitational
potential. The terrain Is represented by either line masses or by prisms.
Results of the method are given for a very rough digital terrain field in the
Kananaskis area. Comparisons of the terrain corrections in common points for
grid spacings of 0.1, 0.2, 0.3, 0.4, 0.5 and 1 km are made using the line mass
and prism representation of the terrain, for two different flight altitudes.
Results indicate that for a flight height of 1 km above the terrain, a 0.5 km x
0.5 km grid of elevations is adequate for an RMS accuracy of 1 Eotvos, while to

retain this accuracy for a flight height of 0.6 km a grid spacing of about 0.25

km 1s required.
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NEED FOR ACCURATF TERRAIN CORRECTIONS

MAIN SOURCES OF NOISE ( instrument independent)

- Topographical noise
Due to surface topography
Can be minimized using DEMs and DTMs

- Geological noise
Due to density variations in the upper crust
Additional information needed for its estimation

- High frequency effects 'filtered out” by flight altitude

REQUIRED TERRAIN CORRECTION ACCURACY

- 1 E RMS or better at flight altitude

- Depends on
Terrain sampling rate (grid spacing)
Terrain representation (pt’'sms or point heights)
Flight altitude
(Extent and topographic features of the area)

FFT EVALUATION MOST CONVENIENT

Fastest approach for large data files

Availability of DEMs

Homogeneous coverage in results .

Specral analysis and interpretation




OBJECTIVES

DERIVATION OF CONVENIENT COMPUTATIONAL FORMULAS

- 2D convolution integrals
Fast evaluation using 2D FFT routines

- Relationship between spectra of prisms and point heights

ESTIMATE THE EFFECT OF GRID SPACING
- 0.1km x 0.1km grid results used as control values

- 0.2km, 0.3km, ..., 1km grid results compared to those of 0.1km
grid for 1.1km flight altitude (z¢ = 1.1km)

ESTIMATE THE EFFECT OF TERRAIN REPRESENTATION
- Prism representation results versus point height results

- Comparison for a grid spacing of tkm and 2z = 1.1km

ESTIMATE THE EFFECT OF FLIGHT ALTITUDE

- z¢ = 1.1km and 2z =0.6km were used

- Comparison for various grid spacings

PROPOSE THE GRID SPACING AND TERRAIN REPRESENT-
ATION NECESSARY FOR A 1E OR BETTER RMS ACCURACY
AT FLIGHT LEVEL



COMPUTATIONAL FORMULAS

P o(iﬁ-Yp-lo)

. —_ flight
, 1 ¥ level
} i

P(p.Yp:hp) 2o = const.
/ o f
VAR B R B, i 2 x Ssea
0 level
POTENTIAL OF TOPOGRAPHY AT Pq
0 dxdydz
V(Xp,Yps2o) = Gp [ ]/ =, §2=(x-Xp)2+(y-yp)? (1) ®
E h [s2+(2-25)2] 12
GRAVITY TERRAIN CORRECTION AT P,
V(xp,Yp:Zo) h 2%

t(Xp,Yp,Zo) =- = Gp III dx dy (2)

‘020 EO [32 + (22 0)2]3/2

- Series expansion of (2) around z,,,, neglecting orgers higher
than 2nd, gives in convolution form

(Xp,YpsZo) = - 2rGpzay
+ Gp[hq(xp,yp)*k1(xp.Yp)+h2(xp.yp) k2(xp.yp)l (3) @

( = Bouguer affect + effect of residual topography )




h1(x)Y) = h(X,Y) - Zav , hz(x’y) - [ h(x,Y) .zav ] 2
k106Y) = - (20 -2 av) / [X2 +y 2 + (2 - 2ay)2 13/2

K2(x,y) = 1/ 2 [x2 + y2 + (2g -2ay)2] 312 (@)
- 3(2g - 2ay)2 / [x2 + y2 + (2g -2gy)?] 9/2

- FFT evaluation of (3) : tz(xp,yp,zo) =F '1{TZ(u,v)} (5)
TZ(u,v) = F{tz(Xp,Yp.2o} = -2nGpZayd(u,v)

+ Gp[ Hq(u,v) K{(u,v) + Ha(u,v) K2(u,v) ] - (6)
H1(u,v) = F{hy(x,y)} ’ Ha{u,v} = F{ha(x,y)}
K1(u,v) = F{k1(X,y)} = -2ne-274(Zo - Zay) (7)

Ka(u,v) = F{ka(x,y)} = -2n2qe'27tQ(Zo - Z3v)

GRADIENT TENSOR COMPONENTS AS DERIVATIVES OF t, OR t
tox(%y) = F-1{T2X(u,v)} , TZX(u,v) = 2xiuTZ(u,v)

tzy(x,y) = F-1{TZY(u,v)} , TZY(u,v) = 2=ivTZ(u,v)

typ(x,y) = F-YTZZ(u,v)} , TZZ(u,v) = 27qTZ(u,v) (8)
tex(Xy) = F-H{TXX(u,v)}  ,  TXX(u,v) = - 2ru2q-1TZ(u,v)
tey(y) = F-H{TaY(uv)} , TXY(u,v)=- 2ruvq-1TZ(u,v)
tyy(xy) = F-1{TYY(uVv)} ,  TYY(uV) = - 2nv2q 1TZ(u,v)

TXX(u,v) + TYY(u,v) + TZZ(u,v) =0 or -u2-v2+q2=0 (9)
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2D PLOT OF THE TEST AREA tkm x tkm DTM
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STATISTICAL ANALYSIS OF TOPOGRAPHY AND TERRAIN
CORRECTIONS IN THE 36 kn:-x 56 km TEST AREA OF ROUGH
TOPOGRAPHY USING A 0.1km x 0.1km GRID OF POINT HEIGHTS

. Topo- Ag corr. Corr. for tij at 20 =4.5km ( z¢=1.1km)
Statr graphy | 2=hp | z=20 txx txy bz tyy tyz | tzz
stics

meters mgal Eotvos
min 1378.0| -313.1 | 466 |-76.7 (407 | -749 | 459 | -62.8 |-129.7
max | 3413.0]-1410 | 146 | 720 |389 824 | 705 69.2| 86.5
mean| 2129.6 {-226.7 |-15.1 0.0 0.3 46 08.| -35 -b.s
s.d. 3502 373 _12.2 357 | 146 372 185 239| 455
RMS| 21582| 220.7| 194 | 357 | 146 375 185 24.1| 455




EFFECT OF GRID SPACING
(USING POINT HEIGHTS AND z{ = 1.1km )

Aus | .
diferences b # 4
[E] i
5 : o
4 3
Stay
3
. Ay
1 “txy
0 — i— grid spacing ‘
0.1 0.5 1.0 [km]

2-components more sensitive than the horizontal

Effect on the horizontal components dependent on the terrain
frequency content along the x and y-direction

1km grid insufficient for < 1E RMS accuracy

0.5km grid sufficient for <« 1E RMS accuracy

0.25km - 0.35km grid spacing necessary for < 0.5 E RMS
accuracy

Bias always < 1E for 1km grid
< 0.35E for 0.5 km grid ®




‘\

EFFECT OF TERRAIN REPRESENTATION
(FOR 2 = 1.1km)

DIFFERENCES BETWEEN THE RESULTS FROM PRISMS AND FROM

POINT HEIGHTS AT FOR A 1tkm x 1km GRID

Terrain correction differences, in E , for tij atzg=1.1km
Statistics txx txy .txz tyy tyz tzz
min -6.2 -1.5 -7.0 -1.6 -2.1 -7.3
max 6.5 1.1 8.1 1.5 1.6 6.5
mean 04 0.0 0.5 0.0 0.0 -0.4
s.d. 3.5 0.4 3.5 0.5 0.6 3.6
RMS 3.5 0.4 3.5 0.5 0.6 3.6

If TZ(u,v) is the spectrum of ty(x,y) computed from prisms

and TZ(u,v) is the spectrum computed from point heights ,

then

-T-Z_(U,V) =

sin{urAx)

sin(vrAy)

UrtAX

VrtAy

TZ(u,v)

(10)

Prism representation has smoothing effect on high frequencies

x-components more affected than the y-components because

this particular terrain has more high frequency content in the x-

direction

densitive components

Ditferences of up to a few E are to be expected in the more




EFFECT OF FLIGHT ALTITUDE

(US!NG POINT HEIGHTS)
RMS
value T
(Elyl
60 t2z
50 - — — - tzx
b e oy s e e e | e s s e R e e e txx
40 o _3'__2.—_'_4-;.'.:__:__—-_
30 - .1 - - - . tzy
T T tyy
10t _ _ _ )
0 ~d i—» grid spacing
0.1 0.5 1.0

®

high values : ¢ =0.6km (2o=4km) ; low values : 2 =1.1km(2y=4.5km)

Attenuation stronger for z-components

x-components attenuated more than y-components due to

unisotropic terrain frequency distribution

Attenuation independent of of grid spacing

Accuracy of results dependent on grid spacing / altitude ratio
0.25km grid to be used with zf = 0.6km above very rough

terrain for < 0.5 E RMS accuracy




CONCLUSIONS

TERRAIN CORRECTIONS NEEDED TO CORRECT FOR THE
" TOPOGRAPHIC NOISE " ON THE MEASURED GRADIENTS

REQUIRED ACCURACY AT FLIGHT LEVEL : 0.5E-1E
- Depends on
Grid spacing
Terrain representation
Flight altitude
- Effects on horizontal components depend on terrain
frequency content along the x and y-direction
GRID SPACING
- Affects more the z-components

- Accuracy decreases with increase of grid spacing

TERRAIN REPRESENTATION
- Point and prism results can differ by a few E RMS

- Prism representation is more accurate

FLIGHT ALTITUDE
- Stronger attenuation for z-components

- Attenuation effect rather insensitive to grid spacing




RECOMMENDATIONS

FFT TECHNIQUES RECOMMENDED FOR THE COMPUTATIONS

Convenient formula derivations in the specral domain

Speed, easy handling of large data sets

Homogeneous coverage

Frequency domain analysis and interpretation of data and

results ‘

FOR z=1.1km AND 2= 0.6km, 0.5 km AND 0.25 km GRID

SPACINGS RESPECTIVELY ARE NECESSARY FOR < 1E
RMS ACCURACY

Ax/zg=1/3 appears to be a good choice

ACCURACY EFFECT OF HIGHER THAN 2nd ORDER TERMS
IN THE EQUATIONS TO BE INVESTIGATED .




TOPOGRAPHIC EFFECTS IN AIRBORNE GRAVITY GRADIOMETRY

by
Rene Forsberg
Geodaetisk Institut
Gamlehave Alle 22
2920 (harlottenlund
Denmark
ABSTRACT

The gravitational signal due to terrain masses will play a dominant role
in airborne gravity gradiometer surveys over mountainous areas. The variations
in the gravity gradient tensor elements may easily attain magnitudes of several
hundred Eotvos units, thus being much larger than typical signals associated
with possible geophysical structures of interest.

To smooth the gradient field and enhance “geological™ gravity gradient
anomalies, the gravitational "noise” caused by the topography may be attenuated
using available digital terrain models, from which the elements of the terrain -
induced gradient tensor may be computed efficiently at aircraft altitude using
either space domain (integration) or frequency domain (FFT) methods.

In the paper, both of these computation methods are outlined and compared,
and typical magnfitudes of the effects are ifllustrated by examples from the Rocky
Mountalins. In general, statistics of the gradient variations may be ianferred
rather easily from emperical ACF parameters of the topographic heights, and the
paper concludes with a number of such examples for areas of different types,
from lowlands to high mountains, yielding useful "hand rules™ for the gravity

gradient terrain effects in future gravity gradiometer surveys in particular

areas.




TOPOGRAPHIC EFFECTS IN AIRBORNE
GRAVITY GRADIOMETRY

Rene Forsberg

Danish Geodetic Institute

Overview of talk:

why terrain reductions?

practical computaticns (integration
or it methods)

exampies: New Mex'zo and Colorado

covariance analysis

Presented at " The 15th Gravity Gradiometer Conference ", Colorado Springs, Feb. 11-13, 1987




TERRAIN REDUCTION: REMOVAL OF GRAVITATIONAL SIGNAL DUE
TO TOPOGRAPHY IN A CONSISTENT MANNER

AT,

) GeoPHMYSICAL EXPLORATION

- ENHANCE GEOLOGICAL SIGNAL
- EXAMPLE: SIGNAL 10-20 E, ToPoGRAPHY 50-100E

0 GeobeTic GrRAVITY FIELD MODELLING

- MORE SMOOTH FIELD
= MORE STABLE DOWNWARD CONTINUATION
- REMOVE-RESTORE TECHNIQUE

0 LocaL TerRrRAIN EFFecTs oN SecoND-ORDER GRADIENTS:

= MORE SMOOTH FIELD
- MORE STABLE DOWNWARD CONTINUATION
- REMOVE-RESTORE TECHNIQUE

0 LocaAL TerrAIN EFFecTs oN SeEconD-ORDER GRADIENTS:

= VERY LARGE ON GROUND, REQUIRES VERY DETAILED HEIGHTS
= AIRBORNE GRADIOMETRY: ATTENUATION,




MopiFicAaTIOoNs For QpTIMAL GRAVITY FIELD MODELLING

(COLLOCATION ETC.)

= IMPORTANT TO AVOID BIAS IN COMPUTED TERRAIN
EFFECTS, ESPECIALLY FOR COMBINATION SOLUTIONS
WITH TERRESTRIAL GRAVITY AND DEFLECTIONS,

- BIAS OCCUR IN TXX’ TYY’ AND TZZ WHEN COMPUTATION

AREA FINITE AND MEAN HEIGHT > 0!
- REMEDY: REFER TO MEAN HEIGHT OR USE ISOSTASY!
- BETTER REMEDY: RTM - RESIDUAL TERRAIN MODEL

RTM ADVANTAGES:

- HEIGHT DATA NEEDED FOR SMALLER AREA
= CONSISTENCY OF NEIGHBOURING SURVEYS
= CONSISTENCY IN PRISM AND FFT METHODS




/ COMPUTATION METHODS : PRISM INTEGRATION AND FFT

1) PRISM METHOD
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IMPLEMENTATION: DETAILED/ COARSE GRID, INNERZONE SPLINE,
AUTOMATIC FORMULA SELECTION




2) FFT METHOD: PARKER EXPANSION ¢
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FF. FOURIER TRANSFORMATION, W= (u2+v2)
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IMPLEMENTATION  -H, H®, ... REAL TRANSFORMS

-COMPLEX FILTER INVERSE TRANSFORM: PAIRWISE
RESULTS
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TaBLe 1., CoMPARISON TEST - 441 poinTs (EoTvos)

T T

XX YY Tzz Txv sz TYz
COMPUTED X -n,9 -1,6 1.4 -.9 -4,0 1.1
GRADIENTS gﬁg”
o 36.0 34,5 57,0  23.3 n3,2 41,0
RMS DIFFERENCE 0.6 N.5 1,0 n,5 @ 1.1
FFT - PRISM
(N=8)

TABLE 2. DEPENDENCE ON NO, OF FFT EXPANSION TERMS

R.M.S. DIFFERENCE T2z Ty
N=1 22,2 8.3
N=3 5.5 1.6
N =3 n,8 1.1
N =15 2.9 1.6
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Cov £ ANALYSIS ‘

TorogrAPHY ACF - GrAviTY ACI - (FIRST ORDER PARKER)
- GRADIENT ACF AT ALTITUDE

SELECTED TOPOGRAPHY ACF: SINGLE DIFFERENCE LOGARITHMIC

(ForsBerG, 198R)
fp =

C hh (5) ~ - ‘O% kb + rn) + ‘Oa(T + r.r) (5’- +3‘&)"2

CONSISTENT GRAVITY ACF - CLOSED FORMULAS BOTH ON GROUND
AND ALOFT, E.G.:

D

Cag(s) ~ ~log(D4%) = Cp 4 ~ g

RESULT AT ELEVATION H:

2 2 | \ \
Sf‘z(ﬂh (anGe)'s,, %3 ((mzmz" (-nf'mzp

T FIXED * D FUNCTION OF X;E FOR TOPOGRAPHY

KA
3 V.
D
T 2
A
01/
0 .3 .6 g 1.2
X172
T




b 0 TypicaL cooD FIT: T =10 kM, D = 7.5 kM (JOTUNHEIMEN, NORWAY)

NORMALIZED COVRRIANCE

LECEND:
—— RCTURAL
---- MOCEL (0.5..0)

HETER

0 10 20 30
OISTANCE (KM)

0 ANALYSIS q' s Xy FOR SAMPLE AREAS (FFT), 1°RTM
- dzz AT £N) M CLEARANCE ELEV,

0 RELATIONSHIP OF VARIANCES:

VAR(TXX) = VAR (TYY) = é VAR (TZZ)

var(T, ) = var (T,,) = ;:)- VAR (T,)
1

var(T,\) = § VAR (TZZ)

0 CoLorADO
R.M,s., (B) XX YY z7 XX

ActuaL [ 36 34 57 20 43 A4l
MobeL 33 38 62 22 4444
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TOPOGRAPHIC EFFECTS EFFECTIVELY HANDLED BY
RTM - REDUCTION "REMOVE-RESTORE"

EFFeECTS LARGE IN ALPINE REGIONS (up TO 200-30CE)

CompuTATIONS BY FFT OR PRISM METHOD
(HIGH-ORDER EXPANSION NECESSARY IN FFT)

EASY MAGNITUDE ESTIMATION FROM ToPoGRAPHY ACF,

- RELATIVELY LARGE EFFECTS EVEN FOR LOVILANDS (DUE TO
LOWER EFFECTIVE FLIGHT LEVEL)




f. NF PAPRR: Topographic

SPEZAKER: 2ene Forsberg

OUESTIONS A'D COMENTS:

1. Nuestion: Carl Bowin

T focts in Airborne Gravityv Gradiometr:

It appears that vour conversion of topography to gravity assumes the lack of
coapensation of the topogranhv, hence the predicted gravity mav be larger

than observed.

Resnonse:

Yes, but the computed gravitv correlation is like a Rouguer correction.

(Carl Bowin: e do not measure a Bouguer anomalv, onlv the equivalent

free-air anomalv).

othe




OBSERVABILITY OF LAPLACE'S EQUATION USING
A TORSION-TYPE GRAVITY GRADIOMETER

by
Alan H. Zorn
Dynamics Research Corporation

60 Frontage Road
Andover, MA 01810

ABSTRACT:

The trace of the gravitation gradient temsor, theoretically zero, is not
directly observable by a torsion-type gradiometer. However, changes in the trace
are directly observable at track crossings by a moving-base torsion gradiometer.
The practicality of measuring these trace changes is illustrated by covariance
analysis of GGSS track crossings. The sensitivity of these results to flight

conditions and noise model parameters is also presented.
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ABSTRACT

OBSERVABILITY OF LAPLACE’S EQUATION
USING A TORSION-TYPE GRAVITY
GRADIOMETER

ALAN ZORN
DYNAMICS RESEARCH CORPORATION

The trace of the gravitation gradient tensor, theo-
retically zero, is not directly observable by a torsion-
type gradiometer. However, changes in the trace are
directly observable at track crossings by a moving-
base torsion gradiometer. The practicality of measuring
these trace changes is illustrated by covariance
analysis of GGSS track crossings. The sensitivity of
these results to flight conditions and noise model
parameters is also presented.
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TITLE OF PAPER: Observability of Laplace's Equation Using a Torsion-Tvpe

Gravity Gradioacter

SPEAKER: Alan Hd. Zorn

QY’L‘

~i

STLIONS AND COMMENTS:

1
Ao

Question: Dave Sonnabend

Have you taken into account the errors in estimating the angular rate
corrections to the gradiometer? For instance, gvro bias causes correlated
errors in aeasuring A.

Response:

Rate measurcments are good enough for instruments used in aerial surveys.

Comment : Warren Heller

Dave's point was that your technique is a good way to test for gradiometer
errors but that the instrumentation is not adequate for tests of inverse
square law.

Response:
I am not advertising my idea as a test of the inverse square law.
Comment : Ho Jung Paik

Your signal for inverse square law test is of the order of GM/R*, which is
about 0.2 Z/km. So the sensitivity of the gradiometer must be improved bv
at least a factor of 10 before you can have a test of the inverse square law.

Response:

)
‘ly simulation of the Texas-Oklahoma area shows that the signal is about 5-10
E/xm.

Juestion: Dan Long
I suggest there is more likelinood that d\ rather than di

dz dN
or d} would show interesting results.
dE

Response:

[t is harder to weasure d), but I see your point.
dz




Question: Alan Ruf:ty '

Noise, as measured by the gradiometer, does not form a conservative field.
Hlow do you separate out the signal from the noise so that vour assumptiza
of a conservative field can be used?

Response:

If one knows something about the nature of the noise, then one can applvy
the conservative field assumption only to the signal. I do not assume that
the noise is conservative.

Question: George F. Hinton

Shouldn't your method also be sensitive to the Eotvos effect?
Response:

No, I am taking this into account with my measurement of the velncity.




RATIOS OF GRAVITY GRADIENT, GRAVITY, AND GEOID
FOR DETERMINATION OF RUSTAL STRUCTURE

by
Carl Bowin

Woods Hole Oceanographic Institution
Woods Hole, MA 02543

ABSTRACT

It has been shown (Bowin, 1983, 1985; Bowin et al., 1986) that the simple
ratio of gravity .o geoid anomalies at the center of a feature provides
information comparable to that obtained by the Fourier transforming of either
firld, as well ac to that obtained by other traditional spatial and frequency
analysis methods. If perfectly accurate measurements of any one of the three
fi=lds - geoid, gravity, or vertical gravity gradient - were available over the
entire earth's surface, nn further observations would be necessary or useful.
The other fields could be derived completcly by either integration or differ-
entiation. However, both caveats fail us in the real world: the existing data
are neither perfectly accurate nor universal in coverage. Thus, for the
immediate future, knowledge of the full spectrum of the Earth's gravity field
will come from combinations of the various measurement types. In this present-
ation we summarize our ratio results to date, and indicate the utility of

gravity gradient measurements to aid the determination of crustal structure and

depth of causative mass anomaly sources.




Note: The following references include most of the ifllustrations used in

777 carl Bowin's talk at the 15th Gravity Gradiometry Confereace. Also
attached are copies of the new wcrld residual geoid, gravity and
vertical gravity gradient maps that were presented at the Conference
(Figure 1, 2 and 3 respectively).

References:

1) Bowin, Carl, 1983. Depth of Principal Mass Anomalies Contributing to the
Earth's Geoidal Undulations and Gravity Anomalies. Marine Geodesy, V.7,
p.61-100.

2) Bowin, Carl, 1985. Global Gravity Maps and the Structure of Earth.
IN: W.J. Hinze, ed., SEG Volume: Utility of Regional Gravity- and
Magnetic— Anomaly Maps.

3) Bowin, Carl, 1986. Topography at the Core Mantle Boundary. Geophysical
Research Letters, Vol. 13, No. 13, p.1513-1516.

4) Bowin, C., Edward Scheer, Woollcott Smith, 1986. Depth Estimates from

Ratios of Gravity Geoid, and Gravity Gradient Anomalies. Geophysics,
Vol. 51, No.l, p.123-136.
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COMBINING GRAVITY GRADIOMETRY WITH OTHER
EXPLORATION METHODS FOR GEOPHYSICAL PROSPECTING

by
Dr. Anthony A. Vassiliou
Department of Surveying Engineering
The University of Calgary
2500 University Drive N.W.

Calgary, Alberta
CANADA T2N IN4

ABSTRACT

The Parker-Oldenburg algorithm for fast computation of potential field
anomalies is modified to allow for multilayer inversion of gravity data. First
the algorithm is developed for the inversion of gravity anomaly data and then it
is further extended to suit airborne gravity gradiometer data. It is shown that
the use of gradiometer data is preferable to the use of gravity anomaly data for
the computation of the anomalous density and topography of subsurface densities.
The solution of the laverse gravity problem i{s constrained by density and if
possible layer depth information. Density information can be obtained from
borehole surveys or from computed compressional seismic velocities via a non-
linear formula. Subsurface layer iaformation can be obtained from iaverted
seismic reflection data. 1In addition to gravity gradiometer data, the same
inversion algorithm can by emploved to determine magnetic susceptibility for
subsurface magnetized layers. Using aeromagnetic data the depth of these layers

is determined by using the Spector—-Grant spectral method.




COMBINING GRAVITY GRADIOMETRY WITH OTHER
EXPLORATION METHODS FOR GEOPHYSICAL PROSPECTING

Anthony A. Vassiliou

Department of Surveving Engineering
The University of Calgary
2500 Unjversity Drive N.W,

Calgary, Alberta

Paper presented at the 15th Gravity Grad.ometer Conference
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QOtjective: Develop a method to determine the anomalous density and
depth of subsurface lavers using gravity gradiometer data
and incorporating irnformation from other geophysical

prospecting methods.

Content:
* Forward Parker's algorithm.

Single laver inversion using gravity anomaly and gravity gradioreter

data.
+ Multilaver inversion with gravity ancmaly and gradiometer data.

Constraints on the multilayer inversion from other geophysical

exploration methods.




Forward Parker's algorithm

1f P{ } Fourier transform of { !}
G : Newton's gravitational constant
c(x,v) density
z, : altitude at whicﬁ'gravity data are observed
h(x,y) layer topography
T : anomalous gravityv potential
Tij second~order gradients of T
u,v : spatial frequencies in the two directions
q : (u: + vz)lS
then:
=-2mqz

P{T(x,v)} = 2nGe

-27qz

Flag(x,v)} = -2nGe

FIT (x%,v)} = =2rCe
XX

N E L n
z ——;%———— Fip(x,y)h (x,v)}

n=1

o - (Zﬁg)n-l , n. N
z o FLO(X,Y)h (.X.Y).
n=1 ’
© " n-1 , 2
° 1 (‘2?‘ =2 Flo(x,y)h" (x,¥) }
n=1 ’

~

2-qz L oo n-1, 2 .
P{Tvv(x,y)} = -21Ge t (“;?) =TV Plo(x,y)h" (x,v)}
T n=1 )
-t P 2 n
e O R 2 L F1CR AL ERON
n=1 )
—Zﬁqzo © (2 )n-l n
F{Txv(x.y)} = =27Ge T —:;g———— 2nuv P{p(x,y)h (x,¥)]}
. n=1 )
-Iﬂqzo t (2w )n-l n \
FIT _ (x,0)} = -27Ge L -:;$———— j27u Flo (x,y)h" (x,v)}
’ n=1 ’
-Zﬂqzo (2n )n—l n
F{Tvz(x.y)} = -27Ce T —;;%———— j2mv Plo(x,y)h (x,¥)}
- n=1 )

j is the imaginary unit,.
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Single Laver Inversion

+ Assume gravity anomaly data are available and have been corrected for
anv thin sediments or water overlying the layer. Also assume that the
density varies in some smooth fashion reasonably known. Then the laver
topography h(x,v) is determined from

21qz

4 . \' A .’,I n-’.
Plo(x,y)hix,v)} = - FtA&Sx;%&' c - I -i=%$l-— Flo(x,v)h" (x,v)}
(N

n=2

+ Use equation (1) in an iterative inversion. Start with some estimate
of h(x,y) (probably given from borehole surveys), compute R.H.S. of (1)
up to n=N, then compute L.H.S. and take its inverse 2-D FFT tc get
h(x,y). 1Iterate to achieve convergence. The degree n=N up to which the
sum in the R.H.S. of (1) is computed, is determined from the ratio
(SN/SZ)<1°OXIO-3 (with S,= (Zﬂq)n-l/n! F{hn(x,y)p(x,y)}). Convergence
in the iterative algorithm 1is considered when the r.m.s. of the
differences between two consecutive estimates of gridded h(xi,yk) is

smaller than 0.3 m.

» Excessive noise amplification in downward continuation is prevented
by low-pass {iltering. For gravity anomalv profiles, it has been
suggested by Oldenburg to use cutoff passband frequency uo:0.0SSuoSO.I
(cycles/profile spacing) and edge of the stopbard critical frequency

0.15su_s£0.25.
s

» For gravityv gradiometer data higher limits for cutoff frequency u,
and stopband critical frequency ug have to be used, due to their high
frequency signature. Therefore less information will be smoothed out in

the downward continuation.

+ The iterative inversion algorithm expressed by equation (1) converges

onlvy for densities larger than a mininum density o It also

min”
converges for heights z > minimum 2z . In short, convergence depends on
the density contrast, depth of the subsurface laver and the passband;

ctopband frequencies of the low-pass filter.




Single Layer Gravity Inversion (continued)

* Using gravity gradiometer data, Qe have six data sets instead of one
to determine the subsurface laver topography. Thus the determination of
h(x,y) is strengthened due to the additional information, and thus the
solution becomes more reliable. The equations for the iterative

~

inversion of h(x,v¥), using gradients I,, are derived from the forward
-

Parker's algorithm in the same wav as for the gravitv anomalyv data.
g 3 g 3 )




Gravitv Gradient Single Laver Inversion

* For simplicity assume T_ (x,v), T (x,v), T _(x,y) data.
xz - yz 22

From the forward Parker's algorithm, after reconstructing the

equations
2qu1
F{ol(x,y)hl(x.y)} = - [P{sz(x,y)}/ZvG}e -
T ™! ( n
< - j2nu P.ol(x,y)hl(x,y)}
n=2 )
21rqz1
, = - 2 o -
F{ol(x,))hl(x,y)} [P{Tyz(x.y)}/‘uG]e
> (2"t n
u ———%7——~ j2mv Flp (x,¥)h (x,y)}
n=2 )
anz1
F{ol(x,y)hl(x.y)} = - [F{Tzz(x,y)}/ZwG}e -

T @m" n .
£ -—75%—— P{ol(x.y)hl(X.))}

n

+ Iterate for each one of the sz’Tyz’Tzz data sets, to finally compute

three sets of subsurface laver topographyv hl(x,y). Then combine the

solutions for hl(x,y) from sz’Tyz'Tzz using spectral weighting
Pfhl(x,y)} =

51.1 (“'V)P{hl,l(“’V)} + S -,_(“'V)P(hl,z(“’v)} + S
Sh (u,v) + S

h1,3(u’v)r{h1,3(“'V)}

(u,v)

h2,2

(u,v) + S
1,1 hy,2 s

where h h ... solutions for h (x,y) from Twz’ T , T

1,1° ",20 M,a 1 vz’ ‘2z
respectively

S HE) N ... are the corresponding amplitude spectra.

This iterative weighting procedure can be applied for more than three

data sets.




Multilaver Gravity Inversion

— ' g T T
e, j | T
- : | |Z1
— |
e N-\K

c1 = - -, (i=1,2,3,4)

£
to

z"

!
—— ‘ densitv contrasts
4

—

19— 2 e

* For simplicity we use gravity anomalyv data. Assume a2 4 laver mnodel

on top of which a layer (composed of sediments, water) with density ¢,
23

is located. The density and bedthickness of layers 1,2,3 are known.

Determine the topography of the bottom laver h(x,v) having sore

krnowledge of the density o.

Use Parker's formula for more than one layer

4 -quzk (2+ )n-l
Flag(x,y)} = 276 T e t =3 Plo (x,y) B (x,y)} (D)
k=1 nel k k

Reconstruct the formula for multilayer inversion
F{ol(x,y)hl(x.y)} =

(3)

21rqzl = (2r )n-l a

- [Plag(x,y) - Bg(x,¥)}/27Gle -z _:;g-- Flo, (x,»)h (1)
observed others ’

n=2




Multilayer Cravityv Inversion (continued)

with aAglx,v) determined from
others
4 Znqz, (2n )n-l n
Piag(x,y)} = =21G L e 3 —'f}—— Flo, (x,)h (x,¥)} (4
others k=2 n=1 )

+ Equatien (3) 1is used in an iterative manner tec solve for the unknown
topcgraphv hl(x,y). Some apriori (or model) knowledge about hl(x,y) is

necessarv. This inowledge will provide the depth z).

* The depth of each layer k,z is then determined by

k’

z = - (bed thickness)k*l (5)

kel - %k

* The values of hl(x,y) vary at each iteration, thus the depths z, need

to be updated. Due to this updating, the gravity aromalv Ag(x,y) will
others
vary as well, & reascnable starting model for Ag(w,v) would prot bly be
others
) Gk(x.y)
aglix,y) = ag(x,y) ————— (6)
others observed

[ S TR S

—

Gk(x ,}’)

[T o T

~
—

+ Combining equations (3), (4), (5), (6) an iterative procedure for

computing the topography hl(x,y) can be emploved.




Multilaver Gravitv Gradient Inversion

-+ Assume for simplicity that only T, T , T _ are available.
-oxz’ vz’ 2z
From the multi~laver formulation of the forward Parker's algorithm we

get after reconstruction of the formulas

lzqz
Flo,(x,»h (x,)} = = [F(T__(x,y) - T_ (x.y)}/2rGle L.

observed others

- (21'3)“-1 , n
L m j2wu Ftol(x,y)hl(x,y)}

n=2

2ﬂqzl
XYy XYy } = - ’ - »¥) ) -
F{ol(k ))hl(\ ¥) [F{Tyz(x v) Tyz(x Y)}¥/2nGle

observed others

® (2™} , n
L "y j2nv ?101(X,Y)h1(x,y)}
n=2 )

2rqz
bl 1
( 4 = e - hd » -
P\ol(x,y)hl(x.y)} (F{sz(x,y) Tzz(“,y),/ZrG]e

observed others

" n
L:g}l- Flo, (x, 0] (x,y)}

2

e 8

n

-
where sz(x.y). Tyz(x.y),sz(x.y) are the gradients “xz,Tyz’Tzz
others others others

computed from the other three lavers,

+ The same iteration procedure as for the gravity data has to be
applied for gravity gradient data. To combine the solutions
. . & ~
hl,l'hl,z’hl,B for the subsurface topography from sz’Tyz"zz
respectively we use a spectral weighting scheme as in the single laver

case.




Multilayer Gravitv Gradient Inversion (continued)

+ After stripping the overlving layers, single layer inversion has
essentially to be performed. Deeper layer inversion can then be

attempted by examining a lower freduéncy band.

*+ Again the advantage of using gravity gradiometer data is that five
more data sets are available with higher frequencr content. Thus the
solution for hl(x,y) is more reliable and more detailed for shallow

depths.




Constraints on Multilayer Gravity Inversion from Other Geophvsical

Methods

. The inverted surface need not be the bottom one, as long as

information about the other layers is available.

+ Densities from the other layers can be obtained from seismic data, or
from borehole survevs. Borehole data will provide density information
at two, or three points (maybe a few more) in the area of interest.

Then the densities between these points can be assumed to vary linearly.

+ Information about bedthickness for each of the other layers can be
obtained from seismic reflection data or from well logs or from sonic

logs.

» If detailed information about the shape of each layer is not
available (as is often the case), then a reasonable approximation is
that the topcgraphy of the other layers varies in the same way as the

topography of the inversion subsurface.

+ For the gravity correction due to the sedimentary lavers, the density

(for Western Canada), is taken from extensive density legging as
p = 2,266 + 0,146 z £ 0.210 (gt/cma) (z: depth of sediments)

+ Assuming known compressional (P-wave) velocities with depth, from
seismic traveltime inversion, a reasonable density approximation can be
obtained from the non-linear formula

)
p = 0.23 VO'“ (V : P-wave seismic velocity)

« I2formation about densities can alsc be obtained from deconvolution
of reflection seismograms and computed reflection coefficients. In this
case the density or velocity for some laver should be known (not the

upper sedimentary weathering layer though),

¢




Magnetic Data-Relation to Gravitv Data

* For a constant ratio of density ¢, to magnetic susceptibility k

o}
T = ¥ : constant

the magnetic anomalous potential W is related to the first order

gradients of the anomalous gravity potential T by the Poisson's equation

Hy » VT with H, : magnetic field strength
W = -
" Te G 1.
° Hy f magnetic permeability

* A similar relation can be developed between the magnetic field
anomaly 3 (B = - VW) and the second-order gradients of T. Inversion of
magnetic anomaly data resembles very much the inversion of gravity

gradiometer data.

* The ancmaly in the direction of the perturbing rfield !ng is related

to the magnetic susceptibility by the relation

) —‘7|
2ﬁ§(u,v)q!§°!e -Tqz

e (27 )n-l ) n
I —1;%———— Fik(x,v)h (x,v)}

) n=]

F{laBl} =
u

where the dirensionless vector N(u,v) 1is a function of magnetic

declination D and magnetic inclination I.

+ Information about the depths of the magnetized layers can be obtained
from the PSD of aeromagnetic intensity data, by using the wmethed

developed by Spector and Grant.




Conclusions

« Forward Parkers's algorithm can be used to invert gravity anomaly and

gravity gradiometer data in an iterative mode,

+ By using gravity gradiometer data, a solution can be obtained for the
shallower layers with better detail than for deeper layers for which

gravity anomaly data have to be used.

+ Knowledge of depth and density of the overlying layers constrains the

solution for the laver topography.

+ Depth and density information about the subsurface lavers can be
obtained from either borehole surveys or inverted seismic reflection

traveltime data, or from densitv logs or from sonic logs.

+ The same algorithm as for gravity anomaly and gravity gradient data
can be used for magnetic anomaly data, thus yielding magnetic
susceptibility values. Information about the magnetized layer depth can

be obtained from analvsis of aeromagnetic data.




OMPUTATION OF THE GRAVITY VECTOR
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ABSTRACT

The method of least squares collocation was used for gravity vector
astimation from torsion balance measurements in Southern Ohio. The results
wer= dependent on the covariance function used and on the selection of a proper
signal to noise ratio. Here a standard deviation of the noise of 10 E.U.
(10'9 * 5-2) zave the best results. Expressed in terms of standard deviations
of observed minus predicted differences, the best results were 0.4" for deflec-
tions of the vertical and 2 mgal for gravity anomalies. This compares to signal

standard deviations of 4" and 22 mgal for deflections and gravity anomalies,

respectively.




COMPUTATION OF THE GRAVITY VECTOR FROM TORSION EALANCE DATA’,

IN SOUTHERN OHIO.

by
D.Arabelcs arnd C.C. Tschernirg
Department of Gecdaetisk Institut
Geodesy and Surveying Gecdetic Department I

University «f Thessaloniki

Greece Derimark

Abstract: The methad =f least squares collocation was used for gravity
vector estimation from torsion balance measurements in Scutherrn Ohic.
The results were deperdent orn the covariance function used and on the
selection of a proper sigrnal to naise ratioc. Here a stardard
deviation of the noise of 10 E.U. (10-9*5—3) gave the best results.
Expressed in terms of standard deviatiorns of observed minus predicted
differences, the best results were 0.4" for deflecticons of the '
vertical and & mgal for gravity ancmalies. This compares to signal
standard deviations of 4" and 22 mgal for deflections and gravity

ancmalies, respectively.

1. Introduction.

The method of ccllocation and similar optimal estimaticn techniques
have been proposed as possible methods for gravity vector estimation
from gravity gradicmeter data, see e.g. Jekeli(1985). Sirce gravity
gradismeter data are rnot yet available, the estimatior procedures have
only been tested using simulated data. However, the torsicn balarce
delivers measurenents of the same kind as the gradicometer, mnamely
lirear cambinatiorns of second crder derivatives of the gravity

paxtential (W),

Using torsion balance data we may then demonstrate how least-squares
collocation (LSC) can be used for gravity vector estimation, and alsc
show which type of difficulties cne may encounter while using the

methad.




Iri crder to draw conclusions fraom the use of torsicon balarnce data to r

the use of gravity gradiometer data, the data distraibution should
correspond to the orne plarved for the gradiometer. Futhermore gravity
vector data must also be available‘in the same area as the tcasion
balance data. Such an optimal situstion 1s found in a 0.25 deg. * .75
deg. area in Southern Ohio, where gravity data, deflecticns of the
vertical and torsion balance data were cobserved ard ccllected in the
pericd pricr to 139700 The data is somewhat sparser than the one

plarned for gradiometry, and the area covered is smaller than the
typical area forseen to be covered by scocme houwrs of aerial gradicometer
measuremnents. Furthermore the data is rnot observed at altitude, but at
ground level. Also Scuthern Ohic is not typical, since the area has no
large height variaticns. However, in arn coperaticnal situation,
topographic effects will in gerieral have to be remcved (and restored).
In this way all areas from the standpoirnt of the gravity field
variation will look like Ohio (Forsberg, 1984, table €). Alsa the
gravity variation at an altitude of 0.5 - 2.0 km will rot be much
different from the variation at ground level, when topographic effects,
have been remzved. Furthermore, as we shall see, an increase in the ‘
data density would probably not have improved the quality of the

prediction vector.

Deflection of the vertical estimation have beeri successfully tested in
Scouthern Ohio by Badekas and Mueller (13968), using a simple rnumerical
integration method. With LSC we should be (and have beern) able to
obtain similar results, the advantage being that the method riot only
enables the estimaticon of the gravity vector at peocirits where the
measurements have beern made, but also in all points within a certain
distarice from the measurements. LSC permits the estimation of the

prediction erraor as well.

In section & we will introduce the available data, ard ir secticn 3 we
will describe the use of LSC, and the asscciated process of estimating
the so-called empirical covariance function. The results obtained
using various combinations of the data as well as different analytic

models for the empirical covariance furiction are described in section

4.
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2. The Southerrn Ohio test data set.

Let W be the gravity potenmtial and U a correspornding reference
(normal) patential. Then the arncmalous gravity potential is the
differerce T = W - U.

The lorig-wavelerngth part of W ( or T) is described down to a 1 deg.
resclution by ore of the available spherical harmonic exparnsions
complete to degree and order N=180 such as the 0SU21 and the GFME

crefficient sets (see Rapp(13981), Werzel (19385)).

Free-air gravity anomalies (4g) have beern published by Heiskanern and
Uotila (19S€), arnd deflecticns of the vertical (g,n) by Mueller ard

Freuss (196S). They are in spherical approximation related to T

thraough the following equaticons (Heiskarmen and Moritz, 13€7).
aT 2
49 = - FF -~ r (1)
.- . 2
§ = Ty e (=)
S 1 a7 (3)
no= FcoSey oA <

where the longitude, ¥ normal gravity and » the

® is the latitude, A
distance from the origin, which in spherical appraximation is obtairned
as the sum of the Earth mean radius and the height. Torsiaon balarnce

data are published by Badekas(1967), and their relations to T are

T = g;%% (4)
T,. = 3?4% (5)
T, = ¢ a§%§ (&)

o1 of 7)
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where (x,y,c) are the coordinates of a local-level cocordinate system
with x east, y north and z up. The distribution of the torsion balan

data 1s shawn in Fig. 1.

Digital topographic heights was no¥ available. However, topcagraphic
effects have beern published for the torsion balance in the same
publication as the observations and for the deflections in Badekas and
Mueller (1968). The topeographic effects on the gravity data may be
calculated using the simple Bouguer plate reduction, since the terrain

corrections are rather small due to the smooth topography.

The use of the spherical harmonic ccefficients within the framework of
LSC is equivalent to subtracting the contribution of the coefficients
from the data. Sirce the data used for the determination of the
coefficients primarily are free—air gravity anomalies, the
coefficients also reprernsent the attraction of the topographic mascses
dowr to 1 deg. resclution. Consequently only the effect of a EBouguer
plate referring to the mean altitude of the topography (265 m) must be
subtracted from the gravity anomalies. However, this creates an . '
incornsisterncy between the topographic corrections for the gravity data
and for the other data types, which as we shall see later will result
in biases in the predicted results using topographic reduced data.
This prablem is easily avoided in practice, if a detailled topographic

model is available.

Table {1 shows the statistical characteristics of (1) the "raw" data,
() the data from which the contribution from a set of spherical
harmonic coefficients (GFME to maximal degree 180) have been
subtracted and (3) the data (2) mirnius the topographic effects. Alsac
statistics for a subset of the gravity data located in an area close
to the torsion balance data is givern in the table. These 12 gravity
values have alsc beern used in the following when comparing cbserved

arnd predicted quantities.

-

Note the striking difference in the mearn values. In fact, the area 1s
located on the top and east of a large anomalous mass. Alss note, that 9
the deflecticrns of the vertical have beern transformed from NAD1327 to

the preliminary NADEZ using datum shifts parameters provided by the
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U.S. National Geodetic Survey. The gravity values have been
transformned from the Potsdam system to GRS1980 using a bias correction
of 13.7 mgal. Herce a small bias with respect to IGSN 1971 may still
be left.

3. Least-squares collocaticon and covariance functions.

The theory and practice af LSC is described in riumercus publicaticns.

A recent survey 1s given in Tscherning(198Sh).

Suppose we have given n observations related to the anomalous gravaty

field through n linear furcticrals (eq. (1) - (7)) ,
L.(T) =y  + e i = 1,...,n.

Here ei is the rnolse or error. Then let Cij denote the cavariarce
between Li(T) and Lj(T) and CLi the covariance betweeri the value of a
linear functional L applied on the anomalous potential, L(T), arnd )

Li(T)' We thern abtain an estimate L(T) of L(T) as

= T -1
L(TY =(C . .. .. . (&)
(c, b teyy « 0 1 {y))
where Dij is the covariance of the noise associated with the i'th and
J'th observations. Let E-denote the sum of the Cij and Dij matrices. &
Then an estimate of the mear square error for a linear functiomal is

obtaired by

& - &

- = - (9)
o (L(T) L(T)Y) CLL CL c c El

where CL is the vector of cavariances between the observaticons and the

quantity L(T) arnd CLL is the variance <«f this quantity.

Similar equations are obtaired 1f, instead of the cbservations y, we
use the values froum which we have subtracted the effect of the
topagraphy or the contribution from a spherical harmanic exparnsicon. On
the right hand side ( of eq. (28)) the covariance function will be the

e asscciated with these residual observations. The vector of

— e
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observations will consist of these residuals arid orn the left hand side
we get the roesidual potential, to which in the final step we shaould ‘
add back the potential implied by the topography and the spherical
harmonic expansion. [n the case we anly have wubtracted the
contributicon from GFMZ, we will asgdciate a superscript "s" with the
relevant quantity, ard if also the topographic effects have beern

subtracted we will use the superscript "t", i.e. Agt.

The starting point for the use of LSC in a loccal area is the
computation and analytic modelling of the empirical covariarce
furiction. Its estimaticorn is discussed in detail inm Goad et al. (1384).
Numerically the estimation is simply dorne as the computationm of the
mean value of products of quantities lying within the same interval of
spherical distance. The size of this interval is called the sampling
interval. For vector quantities, like comporents of deflections of the
vertical, the components of the horizontal gravity (disturbance)
gradient ( eq. (4), (3S)) and the mixed secard <rder derivatives (eq.
(6), (7)), the products are formed between products of "along-track”
.and "crass—track" comparnents. For details, see Hrarup and Tscherning'.b

(13284).

The quality of the estimation deperds con the size of the sampling
errcr, the regularity of the data distribution and the data error. The
size of the area should also be so large that the mear value of the
quantities (from which the contribution from the spherical harmonic
expansion, here GPM2, have been subtracted), yi5 y is zero. For a
spherical harmonic expansion to degree 180, this gernerally will be
achieved for a 1.5 - 2 deg. equal angular area, since mean values of 1

deg. blocks have been used for the computation of the coefficients.

For the approximately 1| deg. block surrounding the torsion balarce
data the mean value of the available &27 4g —-values is -3.3 mgal (cf,
Table 1). Sirnce the standard deviaticon is 13.8 mgal, this mean value
is not significantly different from zerc. The gravity values in this
area were therefore used for the estimation of the covariarnce

functicrn, both using Ags and Agt values (cf. Fig. & and 3). .
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Wheri estimating cross—covariance functions with the torsion balarnce

data, we have the praoblem that the data covers a much smaller area.

(c
(&4

Futhermore (cf. Table 1), the gravity variation in the 0.75 deg » 0.
deg. area 1s signmificantly different from the variation in the area
inmediatly swrrounding the torsion balarnce data. Here the variation 1s
much larger, and the mean values are”non-:ero. We decided anyway to
estimate empirical autco- and cross—covariarnce furcticons between the
(GFMZ and GFMZ2 + terrain reduced) gravity anmd torsion balance data.
Figures 4 to 12 show the covariance functions for the GPME reduced
data. It should be noted that the mean values have not beern subtracted

from the data.

The modelling of the empirical cavariarnce functiorn is based on the
fitting of an arnalytic expression to the empirical values. We used a
model for the gravity anomaly covariance function, developed in

Tscherning and Rapp (1374),

v : RE .
_ 1 A(i-1) B i+ o .
com = L moas (e Py eesvpg)y (e

with the twa free parameters AR and R In this expression r' is the

BQ
distarnce of the point Q from the origin, Pi the Legendre-polynamial of

degree 1, the sphorical distarnce between P and Q@ and R_ is the

Yeo B

radius of the so-called Ejerhammar sphere. The summation starts fram
121, since we have subtracted the effect of GPMZ to degree 1280. This
is equivalent to presupposing that the coefficients are error free, a
hypothesis which is certainly rnot true. However, the consequerce cof
adopting the hypothesis will mainly be seen in predicted gecid
heights, see Arabelos(1980). Also the start of the summaticrn from
i=180 made it reasonable to introduce a modification, namely the
division by 1+4 instead of a division by i+24 in eq. (10) as
recommended in Ibid. (1974). This modification gives scome computaticnal

savirgs.

The factor A in eq. (3) is lirearly related to the value at spherical

distarnce zer.a, the variarce. The value of RB is more difficult to

estimate due to the urncertairty in the estimation of the covariances
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and the weak relationship between RB ard the covariances, see
Tscherning (1385b).We decided to try to find the best orne (within the
class of functions given by eq. (10)), siwmply by carrying out
prediction experiments with diffefent values of RB' and thern selecting
the orie, which gave the best agreement between observed ard predicted
deflection values. The results are sunmarized in Figc. 13 . The
analytic covariance furnction found using this procedure

had a depth to the Bjerhammar-sphere of 2.0 km. Its graph is shown

with the empirical values in Fig. & - 1&.

It should be noted that this procedure of selecting a covariance
furnction model very well could have been used 1f only torsion balarnce
cr gradicmeter data had been available. R subset of the abservations
could have been used as test-quantities and the remainirng observatiors
as the given data, The covariarice maodel, which gave the best results
in a least squares sense must thern be the ore in betweern the used set

of models, which is most close to the true empirical covariance

function. . ‘

4. Frediction tests and results.

For the evaluation of the predictions (eq. (8)) as well as the
calculation of error estimated (eq. (9)) the FORTRAN program GEOCOL,

(Tscherning, 1385a) was used.

In order to check the consistency of the gravity vector data, we first
predicted the deflections at the 8 sites shown in Fig. 1 from the 227
gravity values and subsequently the 12 gravity values in the vicinity
of the torsion balance data from 1S pairs of deflection points in the
same area as covered by the 237 gravity values. The results are given
in Table 2. Note how surprisingly well the gravity arnomalies are
determined from the deflecticons., Alsc note, that the deflections are
predicted just as well from the gravity data as from the torsion
halance data, as we shall see later.

We then wanted to predict also the torsion balance data from gravity, .
torsicon balance fraom torsion balance data arnd gravity and deflecticns

from torsion balance data. We assigned a noise standard deviation of

—
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1.0 E.U. to the torsion balarnce daté, equal to the value given in
Badekas and Mueller (1968, p. E871). However all cur results were
"bad", in the sernse that the error estimates computed usirg eq. (9)
were much smaller tharn the variance of observed minus coamputed values.
We thern spent 14 days intensivly checking GEOCOL, but found ro
significant errcr. This made us go back to the publicaticn
Badekas(13€7), which contains detailed maps showing the individual
data in vectcr-like form. This revealed that reighbouring values cculd
be rather different, signifying a much larger error level than we had
expected. Alsc the empirically estimated auto—covariance furncticns
indicated that a rather large ricise was present. This can be seen from

Figures & to 11, where the variance is much larger (around 100 E.U.7 )
tharn the value found by smoothly extrapolating from the firet & - 3
empirical values ta the value at spherical distance zera (the

variance). ‘

Theri changing the nolise variarce tao 100 E.U.E, we suddenly obtaired
consistent results. This value is probably toc pessimistic, but rct
impassible (I.I.Mueller, perscnal communication, 138€). We ther tried
using charnging noise levels. The results are illustrated irn Fig. 14 -

1€&. Irn fact values =of the rrise between SO and 150 E.U.e all give S
rather similar prediction results, but 100 E.U.a gave the best

results. We then used this value in the fallawing computatians.

Having arrived so far, we decided to make a series of computational
experiments, which should illustrate the dependerce of the prediction

Y‘Esult [} g]

(1) the mcdel selected for the cavariance function
(&) the use or non-use of the topography
(3) the data type ard che combination of various data types

(4) the data density.

The Jeperderce orn the covariarnce function as menticned already has
beern used to select a "best" analytic model. The dependerce on the

model (the depth to the Hjerhammar-sphere) is illustrated in Fig. .

The use of topographic data results in a slight smoothing of the

qravity field data (cf. Table 1), and we should expect a similar
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improvement of the prediction results. However, as seern fram Table 2
not very much 1s gained, but this 1s probably due to the high data-
tdensity. The tapographic information is a-priovi well represented by

the data.

In order to see the influence of the data derisity we used either all
data pzints or one value from each &'#2' cell. Using all data gave
only a small improvement as seen from Table 3. More interesting is the
clear difference in contributicon from the variouwus torsion balarnce
components to the compornents of the gravity vector. We maybe should
expect the sigrnificant contribution of the horizontal gradient of the
gravity disturbance to the deflecticon components from geometrical
reasons and from the results presented i1in Table &, where gravity data
were used to predict deflections. The mixed second arder derivatives

contributes little, but anyway something of significarnce.

It is clear that we canm rnot estimate the abszlute values of the
gravity vector components from torsion balance data alove. This is
alsco confirmed, since we get relatively large biases (cf. Table 3. .
Hoawever, gravity vector differences are well determined as seern from
the small standard deviations in the table. On the other hand, we can
easily add observed gravity vector information to the input data in
LSC. We selected ore of the deflection points, which coincide with orne
of the points of the torsion balance rnetwork, but we had to select a
gravity statiorn at some distarice ( 1 km ) from the network. The result
is given in Table 4. We see that most of the biases have decreased,
but the bias in the topographically reduced 49 has increased. The
reason for this may as mentioned be due to the inconsistency of the

topographic reductions.

Contzur plots showing the predicted gravity arncomaly and deflection
components with the estimated errors of prediction (eq. (3)) are shown

in Fig. 17 - &1/

@
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S.Conclusion.

We have seen how LSC is suitable for gravity vector estimation in a
local area from gradicometer—-like data. If the method should be used
ecorvmmically for data distributed cver large areas, thern the erea must

be split in sub—areas of reasonable size.

The results obtaired irn the best cases ( 0.4 for deflections ard (.6
mgal for gravity anomalies) is very encouraging since the gradicmeter
is supposed t. have a noise level below 1| E.U. However, as we have

seen it is importanmt to use a reasonable signal to rnoise ratic.

The proper removal of biases, using observed compovents or the gravity
vector requires some futher investigations. Here a data set covering a
larger area wauld be suitable, permitting the proper estimaticon of all

cross—covariarnce functions.,

Ackrizwledgemert: This wark was carried out while the first author was

a visiting scientist at the Gecdaetisk Institut, Dermark.
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Figure captions.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10.

11,

The distribution of the torsion balance (+), gravity data (e)
and deflections of the vertical (o), with the free-—air

gravity anomaly field contoured at 2.5 mgal irnterval,

Empirical (solid line) and synthetic (broker lire) covariarce
furictions for the gravity arncmalies in Southern Ohioc. GPMZ

removed from the original data. Units mgal‘.

Empirical and synthetic covariance functions for the gravity
ancomalies in Southerrn Ohico. GPMZ2 and topographic (simple
Bouguer plate) effect removed from the original data. Units

mgala.

Empirical and synthetic cross—-covariance furncticons between

4g ard Tx~ . Units mgal#*E.U.

Empirical and synthetic cross-covariance furictions between

4q9 and T Units mgal»*E.U.

4
Empirical and synthetic cross-covariance functions between
hd
2aT and T ,. Units E.U.".
Xy 4
Empirical and synthetic cross—covariance functions betweer

49 and E*Txy . Units mgal=*E.U.

Empirical and synthetic auto-covariance furctions for the

ks
Tx- component. Units E.U. .

Empirical and synthetic autc-covariance functions for the

. 2
Ty~ component. Units E.U. .

Empirical and synthetic autc-covariance furcticons for the

a»rxy comporent. Units E.U. .

Empirical and synthetic auto-covariance functions for the

TA component., Units E.U.d.
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‘ Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Figq.

14.

1&.

17.

19,

(X
N

Empirical and synthetic cross-covariarce functicrns betweern

T and T . Units E.U.E.
Xy 4

Depernderice of the predictfdh results (expressed irn terms

of standard deviations of differences observed minus
predicted quantities) orn the covariarce furiction ( the depth
to the Bjerhammar sphere). x = 5 , 4 = n. Topographic

reduced data shaown.

The effect of changirng of the rnoise level on the prediction
results of gravity arcmalies from torsion balarnce data.
(expressed in termns of standard deviation of differences
observed mirus predicted). 4 = unreduced, x = tapographic

reduced data.

The same effect as in figure 14, for the g comporernt

of the deflection of the vertical.

The same effect as ir figure 14, for the n component

of the deflection af the vertical.

Prediction of gravity anomalies from torsion balarnce data.

(Contour interval is 5 mgal).

Error of prediction of gravity ancmalies from torsicon balarce

data. (Contour line interwval is O.éS mgal).

Prediction of g from torsion balarnce data. (Contour interval

is 0.5 arcsec).

Evror of prediction of g from torsion balance data. (Contour

[
interval 1s 0.Z% arcsec).

Fredicticn of n fram torsicon balamce data using eq. (9).

(Contour interval is 0.5 arcsec).

Error of prediction of n from torsion balarnce data. (Contour

interval is 0,23 arcsec).
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Table 1. Statistical characteriscv.cs of the raw and reduced data
( 227 gravity points, 18 gravity peoints, & pairs of deflecticns

points of torsion balance observations)

]

of the vertical and 23

L —— ——— ————— — " Y T — > —— —— T — — —— —— " - — S — ——— — . ————— —— — ——— —— T — T —— - — ———— ——— —— ——————

Data-GFMz-

Raw data Data-GrPMs tapography

standard standard standard
rmearnir deviation mean deviation mearnt deviatiaor

4q (mgal) # -1.24 =2, 20 =-3. 32 19.81 =3.32 1&€.74
4g (mgal) =# &2, 64 27.66 16. 3 =5.328 1€. 24 o2. 41
5 (arcsec) Q. 92 1. 44 0.28 1. 49 -0, 12 1.70
n (arcsec) 4.41 4.72 4.84% 4.74 .82 f. *
Tx: (E.U.) -0.5¢6 16. 20 ~0. 52 16. 24 -1.07 14‘
Ty: (E.U.) -8.69 20. 353 =-8.73 20. 63 ~7.89 19. 40
TA (E.U.) =0.35 22. 68 ~-0.37 2. 65 ~-1.12 20.10
&*Txy(E.U.) 2. 38 19.70 .28 13.74 2.43 17.53

————————— T —— —— —— - ——— . —— T —— . —— — T A — ————— (o —— " — — —— — . G G " —————— ——— —— . -

* 227 points #* 12 points
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Table .

of the twoe compoanernts of the deflec-—

tion at 8 points from 327 gravity

obs.

Frediction results

st andard
mean deviation

(arcsec)

of 12 gravity values fraom

of deflectiorn values

ire 1S points

4g
obs. - pred.
standard
meari deviation

(mgal)

- i o e - —— ——— — — Ty Y S — T —— ———— —— ] 3 ‘— . — —— — T ——" — o > Tont S T S T T . s D T S D e N . i W T e o e ot

points
g
input standard
Jata mean deviation
(arcsec)

uwnreduced 0.03 ¢. 71
Topogr.

reduced -1.27 Q.47

——————— —— —————— —— —— — —— ——
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Table 3. Frediction of gravity ancmalies and deflecticns of the vertical

from torsion balance observations using least squares collocat xn:m‘

o ——— .t — o T T ————— — = - — - " - — A " " T " o — —— -~ " "

49 5 n
(mgal) (arcsec)

Input . starndard starndard standard
components mean deviation mearn deviation mean deviation remark
Tx: 10.43 22. 45 -0.&7 0.73 c. 70 3.€69 a
Tyz 4.97 4.87 -0, 1 0.76 0. 40 Q.72 -
TA 15.74 0. 03 =0. 35 1.70 2.91 3. 17 -
E»Txy 17.28 26.58 0. 14 1.21 2.84 4. 00 -

x-'Tyz Q.73 3. 40 =0.31 G. 90 0.41 Q.70 -
TA,EOTxy 16. 85 14.94 -0. 45 0. 60 1.71 2.3z -
ALL S.03 3.41 =0. 0% 0.74 0.18 0. Se -
Tx: 10.07 22.66 =0. 20 0.91 e.€e2 3.88 b
Tyz 4.43 S. 44 -0.1& 0.50 0.35S Q. 47 -
TA 12.68 19. 26 -1.07 1.57 2.57 .31 -
E.Txy 17.59 &4. 38 0.8 1.21 2.72 3.98 -~
Tx:’Tyz 0. 04 3.27 -0. 20 1.08 0. &8 0.5 -
TA’ E’Txy 15.55 .28 -0.24 1.07 1.37 2.71 - ‘
ALL -0. 27 2.35 0. 48 0. 70 Q.74 0.31 -
sz 10. 89 19. 32 -1.54 0. 44 - 3.74 3.64 c
Ty: 5. 14 5.08 -1.32 1.07 1.83 0.87 -
TA 14.13 16.13 -1.79 1.50 3.57 3. 24 -
E*Txy 16.79 24.03 -1.0S 1.2 3.96 3.93 -
sz’Tyz 1.51 2. 74 -1.€4 0.61 1.87 0.77 -
TA,EnTxY 16. 44 13.21 —1.44 1.4%5 3.08 3.09 -
ALL 3. 86 2. 47 -1.50 0.58 1.78 0.71 -
Txy 10.64 19.37 -1. 35 0.€E3 3.70 3.80 d
Ty: 4.15 5.37 ~-1.34 0.79 1.84 0. &0 -
TA 13.94 15,29 -1.89 1.39 3. 65 3.11 -
E*Txy 17.00 21.74 -0. 839 1.27 3.88 2. 94 -
sz'Tyz 0. 42 2. 41 -1.41 0.80 1.95 0. 56 -
TA E'Txy 15.91 7.21 -1.18 1.14 - 2.89 2.96 -
ALL -0.93 1.71 -1.17 0. 44 1.85 0. 43 -

-~ — - P - - ——— - - - -~ - - —

a : without topographic reduction, one poaint per 2'« 2' cell used
b : without topographic reduction, all points used ‘
c : with topographic reduction, one point per 2'# 2' cell used

d

: with topographic reduction, all paints used

_
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Table 4. Prediction results using all torsion balamce data and

in addition one gravity point and cne deflection point

49 s n
(mgal) . (arcsec)
irput starndard standard standard
data mean deviation meart deviation mean deviation
urreduced Q.05 .15 Q. 26 0.8 Q. Q& Q. 30
topogr.
reduced -S.13 2. 40 =-0. 06 Q. 49 0. 55 0.61

-y - —— A S — . " —— ———— — ——— i —— — — ———— P — . S  ———— - —— . \—— — S — M W Y . G T . —— e — . S — S —— ——
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ABSTRACT

ESTIMATION OF GRAVITY VECTOR QOMPONENTS

FROM BELL GRADIOMETER AND AUXILIARY DATA

UNDER (ONSIDERATION OF TOPOGRAPHY AND
ASSOCIATED ANALYTICAL UPWARD (ONTINUATION ASPECTS

by |
Dr. Hans Baussus von Luetzow
Department of the Army
U.S. Army Engineer Topographic Laboratories
Fort Belvoir, VA 22060-5546

Following an introduction, the paper briefly discusses gravity gradiometer

applications.

It outlines the estimation of first order derivatives of the

anomalous gravity potential from Bell gravity gradiometer and auxiliary data in

the context of a Weiner-Kolmogorov optimization scheme under consideration of

computable “topographic noise”, accomplished on the basis of the Pellinen-Moritz

solution of the boundary value problem of physical geodesy. The paper also

addresses four different methods of analytical upward continuation of first

order derivatives of the anomalous gravity potential under identification of a

finite difference method using Laplace's equation as the most economical and

efficient one.

Relevant conclusions are then presented.
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1. INTRODUCTION

and auxiliary data has been discussed by a numbz: of authors, including Jordan
(1982), White and Goldstein (1984), Center, Jordan and Peacock (1985), and

Baussus von Luetzow (1985). Apart from gravity gradiometer self noise power

spectra or corresponding covariance functions, the collocation theory of.

physical geodesy was employed to derive spactra and cross-spectra or equivalent
covariance functions involving first and second order derivatives of the anomalous
gravity potential. The bas%f covariance functions, pertaining either to a
randomized anomalous gravity potential or to a randomized gravity anomaly, .
accomplished by the subtraction of low frequency harmonic representations of
anomalous potential or gravity anomaly data, presuppose the existence of homogeneity
and isotropy. The application of collocation theory does not face difficulties

in the case of quasi-flat terrain and is a prerequisite to

arrive at small estimation errors for gravity vector components

in the context of an airborne survey over a square area of 300 x 300 km?, covered
with parallel traverses and cross travegies 5 km apart, conducted at an elevation

of 600 m at a speed of about 360 km hr °, and employing only a limited amount of
measured gravity vector component data. It is, however, well known that the
assumption of homogeneity and isotropy does not satisfactorily hold in the presence
of moderate to strong mountainous terrain. Some efforts have been made to apply
heuristic topographic corrections to gravity gradiometer measurements. Still,

the problem remains to provide for a Wiener-Kolmogorov-type estimation process

free of computable topographic noise so that the assumption of homogeneity and
isotropy is reasonably fulfilled with respect to modified, signal-type measurements
disturbed by gradiometer self noise only. The solution to this problem is

possible under application of approaches to the geodetic boundary value problem

and the correlated interpolation of gravity anomalies and deflections of the 6

The estimation of gravity vector components from Bell gravity gradiometer ;

vertical in mountainous terrain by Pellinen (1969), Moritz (1969), and Baussus
von Luetzow (1971, 1981). Section 3 as the main section of this paper addresses
the solution under consideration of the estimation process and the computation
of "topographic noise”". The preceding section addresses in a compact way
gravity gradiometer applications to place the determination of gravity vector
components over relatively large areas and the analytical upward continuation

of vertical and horizontal derivatives of the anomalous gravity potential in
the proper perspective. The relatively short sections 4-7 discuss different
methods of analytical upward continuation, followed by several conclusions.

2. GRAVITY GRADIOMETER APPLICATIONS

Geodetic research and the development of associated technology has been
considerably stimulated by military requirements and actual or potential
military applications with critical funding provided by the U.S. Government.

The result thereof was an increase of scientific knowledge, new instrumentation
and techniques, and technology transfer to the civilian sector, particularly in
navigation and surveying.

The main applications of gravity gradiometers follow:

° Establishment of the spatial gravity field. in ICBH1 launch areas (most important
application). This includes gravity vector components on the ground for
calibration, local to global coordinate transformations, geodetic azimuth
determination, and gravity programmed inertial positioning (beneficial to
Small ICBM or Midgetman). An accurate spatial gravity field, extending to

lIntercontinental Ballistic Missile




a height of 200 km, provides also for comparisons/calibration for the
Geopotential Research Mission (GRM) and a Superconducting Gravity Gradiometer
Mission (SGGM). Instrument: Bell Gravity Gradiometer.

Accuracy enhancement of SLBM's2 . Instrument: Bell Gravity Gradiometer.

lmprovement of global gravity field for geophysical applications (GRM).
Instrument: Superconducting Gravity Gradiometer.

Byproducts: ICBM target error reduction (not critical), cruise missile
navigation, izmproved satellite ephemecis.

High accuracy space navigation. Instrument: Superconducting Gravity
Gradiometer (six axis version).

Gravity vector densification over large areas for gravity programmed
inertial navigation and for geodetic network adJustments Instrument: Bell
Gravity Gradiometer.

Subterraneous mass detection (cavaties, oil, water). Instrumeat: Super-
conducting Gravity Gradiometer (vergical axis version).

Test of Newvton's square law and tests of Einstein's theory of relativity.
Instrument: Superconducting Gravity Gradiometer.

DETERMINATION OF DERIVATIVES OF THE ANOMALOUS GRAVITY POTENTIAL OVER
MOUNTAINOUS TERRAIN USING BELL GRAVITY GRADIOMETER MEASUREMENTS AND
AUXILIARY DATA

A. Notations and Relations Used

7- anomalous gravity potentisl
2 , ji derivatives taken along the local horizon in a northern and
or zy eastern direction

;=

L) ¢

Y~

bee =

n=nrn, Bell gravity gradiometer instrument noise with white noise

component /7, and red noise component /2,
signal variable indicator

topographic noise component of Z:
topographic noise component of ;:;

lover order spherical harmonics representation of 2: used for
subtraction

lower order spherical harmonics representation of /.., used for
subtraction

S B AER

lover order spherical harmonics representation of J7r used
for subtraction

Sea Launched Ballistic Missile
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lower order spherical harmonics representation of

used for subtraction

7 -7

wveight factor with measurement index ¢ and computation

index & , applicable to Z: in Wiener-Kolmogorov estimation

weight factor with measurement index , and c.wmputation

index X" , applicable to 7;* in Wiener-Kolmogorov estimation

earth's mean radius
unit sphere (full solid angle)
length of radius vector from earth's center

on earth's surface

length of radius vector from earth's center
on earth's surface

length of radius vector from earth's center
on a level surface above earth's surface

-~ -
angle between radius vectors /7 and C; or

(r&,« r:- 2772 t“}”)%

azimuth angle counted clockwise from north

é;(%;,y'z)generalized Stokes Function
/

elevation of terrain referring to a movable point on earth's

surface

elevation of terrain referring to a fixed point on earth's surface

elevation of level surface above terrain

/Qi"'éo

to a moving point
to a fixed point

to a fixed point

rd
A

_




{; = Z /eé’/'ﬂz".’
£/= [/;Jf (é'éA)l] /2 planar»_aPptoximation to f

43 gravity anomaly on earth's surface
topographic correction to gravity anomaly

AjF =49+ [ Faye anomaly

b Bouguer gradient
—£ gravitational constant
(4 standard density -

5 = 47/{4/,( > {!'e‘ﬂ/a.é}_#é s
s o
potential of the topographic masses

6 (fl,) = _C / /4 4 /6—' with 2 as an arbitrary variable
o 27

geographic latitude

A geographic longitude
e

B. Estimation Process

——

A Wiener-Kolmogorov estimation can, under consideration of /4 and Zx
only, be characterized by

“Jan i+ Db (7 rn,) 0




The derivatives / x. » also called truth data, are, of course also associated

with measurement errors. With respect to deflections of the vertical,
proportional to /, and 7 , efforts are being made to determine them ‘

astrogeodetically with an error of 0.l arcsec rms. Gravity anomalies

can be measured with a relatively greater accuracy. In order

to compute the vertical derivative g; = z; , high degree spherical harmonic
expansions presented by Rapp (1987) or -rhe GRIM3-L1 Model described by Reigher,
Balmino, MGller, Basch and Moynot (1985) mav be employed. These models are
also useful. for the subtraction of lower harmonics components from measured
first and second order derivatives of

Regarding eq. (1), it is assumed that all measured quantities refer to a
level surface. In the case of quasi-flat terrain, Ark’ -estimates have been
made from 7- on the earth's surface and from airborne /44, -measurements,
employing spatlal covariance functions. This is not possible in the presence
of pronounced topography. In this case, it is

T (3,) =7 /4,,)744)2-;;4(4,,-4,,) Q)

.

37,
where 4 1s a representative gradient obtained from gravity gradiometer
measurements. There is no significant degradation in accuracy if eq. (2) is
used.

For simplicity, eq. (1) presupposes the prior application of quasi-systematic 6
corrections obtained from lower harmonic expansions. 1In the presence of
pronounced mountainous terrain, eq. (1) is reformulated as

' o
/i« - QA’ xi Z m(./:ﬁ/"’”./') @)

C. Computation of "Topographic Noise"

The essential task is the computation of topographic noise components
of the derivatives 4& v Ty ZE . In,this respect, the solution nomenclature
employed by Moritz (1969)" is applied. In order to obtain solutions at
elevation A, instead of solutions at elevation bhe 6 , Stokes generalized
function é} replaces Stokes function S 5ﬁ)xn the solutxons wvhere applicable.

First, the solution for 7 ata point 4% is written as

7 =j/’; &4)

3 Moritz (1969), p. 31.
.S’ is explicitly formulated by Moritz (1966). See p. 49.

6 .
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The solution components are

]

A

=X f 6, (- bhy +5507) S, d @)
s

- P bth-byvah  h-bprab
/3 = {!/0 j(/n — &" - 2 )/O‘ (7)

7 represents the "signal" term of 7 sinoce its structure is compatible
vith the existence of a reproducible kernel in the sense of Krarup, a
prerequisite for the application of the collocation method of physical geodesy.

/; and 73 are clearly "noise" terms which do not permit the establishment
of a statistical estimation structure. 72: appears to be a more slowly varying
function. Moritz (1969) sjates that the temm J7 may be neglected in the context
of a planar approximation. Accordingly, 7; appears to be mainly respoasibdle
for fluctuations of a non-stationary nature.

An improvement of the above analysis is possible by the replacement of Aj;
by the isostatic anomaly Aj“ , provided that isostatic conditions prevail.
Neglecting a second order improvement involving comsideration of 6;-terms, the
additional "topographic noise" can be written as

-4 f(‘xjﬁ-%.) S, & @)
)

Without consideration of the term 74-, ,» the "topographic noise" terms
involving vertical and horizontal derivatives of{z and 7, can be formulated as

3
o, _ W _ A &,
-2 -4 [[ccu gmbe o
¢

3 moritz (1969), p. 32.
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D. Averaged Second Order Derivatives b

Because of the application of a moving average of gravity gradiometer
measurements over a time interval 4/ of about 10 seconds, it is not necessary
to compute second order derivatives with respect toX,y,Z of 7, and /; . As
an example, the averaged second order derivative of {, vith respect to X is

Z -4 [0, -8 “)

In eq. (13) it is 44’:2)'(!‘ f) 'Z/;'AZ[

the horizontal aircraft speed

; ‘I/A' being

4. STANDARD ANALYTICAL UPWARD CONTINUATION

Assuming that the three first order derivatives of the anomalous gravity
potentisal have been estimated from gtadxomer,nc surveys at rectaagular grid
points of a level surface at elevation =const., Poisson's integral formula

ﬁl’ ‘)ff/ s )

|




can be used for the analytical upward continuation of 7 or of its derivatives

-%én J¢ . 2 According to Heiskanen and ﬁoritz (1967), for elevations
smaller ‘than ng\km, the planar form of eq. (14) is sufficiently accurate. For
elevations up to 150 km, which apply in ICBM launch areas, the horizontal
integration distance has to be ten times the elevation to assure good accuracy,
i.e., a very large information base is required. Additionally, rectrangular
grid data has to be interpolated to conform with circular zone data to be
employed in the computation. : .-

S. IMMEDIATE SPATIAL WIENER KOTMOGOROV ESTIMATION

The three derivatives of the anomalous gravity potential may be estimated
directly for grid points at higher elevations in the context of a Wiener-Kolmogcrov
scheme, using spatial covariance functions or equivalent power spectra. For
higher elevations, data derived from a greater number of adjacent surveys would
be required, and matrix inversions would become very complicated. Further
complications would arise in the presence of pronounced topography because
of the non-applicability of effective collocation methods.

6. SPATIAL COLLOCATION UPWARD CONTINUATION OF /., /g, /a

If 7: }; ’ Z: are first estimated at grid points of a level surface with
elevation Au , a collocation upward continuation would be a replacement of
the Poisson integral’ formula approach by statistical methods. Again, a large
information base would be required, inversions of matrices associated with
higher elevations would become complicated, and complications would exist in
the presence of pronounced topography. It would be possxble thoygh to apply
the collocation extrapolation only to signal quantities 4, , s and
to compute the '"topographic noise"” components separately for higher elevations
by means of eqs. (9) - (12).

7. NUMERICAL UPWARD CONTINUATION USING LAPLACE'S DIFFERENTIAL EQUATION

The upward continuation methods discussed in sections 4-6 are characterized
by the use of a specific derivative of the anomalous gravity potential, given
at a level surface, by the requirement of a large information base for
extrapolations to higher elevations, by associated large inversion matrices
in collocation approaches, and by the inadequacy of these in the presence of
mountainous terrsin in the absence of a separation into signal estimation
and "topographic noise" computation. Fortunately, the availability of three
vector components at & level surface makes it possible to use information at
twvo adjacent level surfaces as a prerequisite for applying Laplace's equation.
Hereby, the information base can be reduced significantly, and inversions
of matrices are not needed.

In Cartesian coordinates, the availability of 72-( =4 , ;f = 7 ’

7} = Z at the levelzo makes it possible to compute 7; /y ’ /z at
the level Z, = Za £ 42 since

9 a (&a)

';%V ) (/4]
-~ (%4 5 ) (%)

9

m

N N Nho
N \\c\"m

N




Py .
The derivative 234 can, of course, be determined separately through use of
gradiometer information, and a representative value can be employed for
analytical upward continuation.

If a variable 7[ satisfying Laplace's equation is given at two adjacent
levels separated by 4Z , Laplace's equation

5 g 3
.%2% = “AﬁZ = —-(sﬁé 7 zfg;) )

permits application of the numerical algorithm
2/,4 a7)
fo= % -fo- a6

In more appropriate spherical coordinates 77 , @, A., eq. (17) has to
be replaced by

’4 = -Z/, —/,, —%2(27735 f-a/n@% +§:7§ }',,i‘é }é;é),, (/8)

where the derivatives in the bracketed term are to be evaluated by finite
differences. Higher order finite difference algorithms may be applied if
considered advantageous.

]

It is possible to use eq. (18) only for "signal"” components and to
compute the "topographic noise”" effects separately, using grid lengths of 1 km
instead of 5 km.

8. CONCLUSIONS

Wiener-Kolmogorov-type estimation of gravity vector components or of
related first order derivatives of the anomalous gravity potential from Bell
gravity gradiometer and auxiliary data in the context of an airborne area
survey can also be accomplished in the presence of pronounced mountainous
terrain. A specific solution of the boundary value problem of physical
geodesy permits the determination of "signal" and "topographic noise"
solution terms. "Topographic noise" terms can be computed for each first
derivative of the anomalous gravity potential, and their consideration permits
the application of algorithms, including numerical weight factors, valid in the
case of quasi-flat terrain. A slight degradation in accuracy may be expected.
The standard analytical upward continuation method and two spatial coilocation
methods for the estimation of first order derivatives of the anomalous gravity
potential can be replaced by numerical upward continuation using Laplace's
equation because of the availability of three gravity vector components at
the information base level surface. In this case, the standard information
base can be reduced <considerably, and no matrix inversions
are required. Analytical upwvard continuation of "topographic noise'" components
may also be accomplished separately, using a higher resolution grid. The
computation of "topographic noise” effects is mathematically laborious, can,

10
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however,be achieved by means of high speed computers. The alternative in the
presence of mountainous terrain is to reduce flight traverses from 300 km to
about 100 km, to use highly accurate "truth" data at both ends of the
traverse, and to repeat single traverse surveys.
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DEVELOPMENT OF A THREE-AXIS SUPERQONDUCTING GRAVITY GRADIOMETER
AND A SIX-AXIS SUPERQ@NDUCTING ACCELEROMETER

by
Dr. Hinghung A. Chan
Dr. Q. Kong
Dr. Martin Vol Moody
Dr. Ho Jung Paik
Mr. Joel W. Parke
University of Maryland
M®llege Park Campus
Department of Physics and Astrononmy
(ollege Park, MD 20742
ABSTRACT
A three—axis superconducting gravity gradiometer which measures the three
in-line components of the gravity :radient tensor is under development at the
University of Maryland. The instrument is being developed under a NASA contract
for the purpose of precision gravity experiments and gravity field mapping from
an orbiting platform. The design of the gradiometer employs a number of recently
davised techniques which rely on certain properties of superconductors to obtain
a fundamental noise level of 10™* Eotvos Hz‘l/z. as well as the high degree of
stability necessary for such extreme sensitivity. In order to compensate for
errors associated with angular motions, the gradiometer will be integrated with
a six-axis superconducting accelerometer which is being developed at the
University of Maryland under an AFGL contract. The accelerometer will sense the
rotational and translational motions of the gradiometer platform. The principle

and design of the instruments will be discussed. In addition, the results of

tests on the first axis of the gradiometer will be presented.




Deve/a/omen/ of
a Three-Axis fuperconc/uc//nj Gravity Gradsometer
and a Sir-Axis fu/)er(aﬂa’ac//ﬂj Acceleromeror *

MV Mooc/j , HA Chan, 4. kong
AN /’ai/(, and J W Parke

‘ Oepf. 0/ F}’ﬂ:""‘- ) AUn,y. Jﬁarj/aﬂa/

x Supporied by AFGL and NASA contracts




HI..f ?zarj 0{1 Mai:j /a/fd fa/o@rcon/ac //./77 ﬂraw‘/é

Gradiemeter Proj ram

/. 0af5row//7 0/ ffc‘mr/orc/ frau;)zmz/bna/ Waye
0(’/(>Cllr'o/7 Program - (’ar/g 1970% - /aik

E First VOrsioms Caqo/o/éz—/c‘/p 1970 ¢ -/’a,‘/r’ //4/00/(}_]"
a) o/&r/o/acc»”z(’m‘ a’i%r@rc/ﬁj -
aq//'aff résonance /ﬂ’;a(’m}m‘ é ba/aﬂ((‘a 5
b) current J/ff/ ar@ﬂc/'ﬂj .
ad{j ust ra 1[/0.! o/ /oe/-r:'.r /(»{/ (urrr:n/:r ,

/4 /%trs/ana/ /I-e%rs /ora/a/,o(-‘ - /1979- 19£3 .
@) fundamental J@z{J,‘//'yufé * 003 £ Hz -l";
b) a/@/))o/u/m{&a/ i laborat J
0.3~ 1 He ™ Lrom cos b 1 He

w Mdry/cmo/ 3-axir gra w'/:'j yra a/,'am't'/ﬂr ;
a) fundamentel .:@/z.f;/,'m';"? = 2x/0"" £ Ha ‘4}
b) recen //3 b@gem /(-J/é}rj /5t s,




1nd1no 3SNOJS3H NOLLVNAONW
39VLT10A IN3HAND JONVLAONGNI  INIW3IVIISIO  NOUWHIT3I0V

—> N

/
/I ~ \\ \
e - -
/ ’ N /
) (ARE| .
H3idITIdWV JIL3INOYIN 00 SSYW 4004d ONIHdS
ainos d3ZILNVNO ONISN3S ONILLONANOJH3ANS AV3IM

49)ow0431323y burysnpues4adng

® | o




3-AXIS SUPERCONDUCTING GRAVITY GRADIOMETER
DESIGN FOR ONE OF SIZ IDENTICAL UNITS

COILS < (N
JUNCTION

BoX "
colL

FORM
HOLDER L |

SPRING

PROOF
MASS

= ANNNNAN

_t

HOUSING




Sq/oércon c{ucf/'nﬂ A/(«galél'yc Spr.hj

PO‘J('//'O/Z
N
AN YA,
Su,oercona[olc/Or// ® Fnergf’
RN DYENE
|
- - rd
Enerjcj = <K kxttcxty...
1 Ll ¥ LE T T
SENSING AN e e LA
coiL W\ Ea e A \\‘
NESATIVE SPRING A N = } \
coILs §~.ﬁ_{ = =¥ \
N~ = ( \
N Z = z f AN
LEVITATION N = = |f N
B ) N1\
SUSPENS 1O ‘ \ ‘\‘\ = \\ \
SLMNIBDEE = EMNRNN
i NI=22 Q\
W= N\
WRATIVE SPRING e Z = Q
coILs ,,\\5 > 2 D
N\ [ s [\
AN ﬂ .
%}’:mm‘ AT USS \\\\\\\\\\\‘
= —3




Intringic —fppcfra/ Noise

g 2of r £, 2
St) = 7 (KT Gy + Lol £ )]

Design garamgr'gr.f

proo/‘ mass m l3 kj
base /line / 0.19 m
resonance /re7uc°n(j t <THz
temperatfure T 1S K
quality factor 4] 2100°

E 30107 T He™

amplifier noise .

(SHE de SquiD)

energy coupling factor g1

Gra V[z‘fj Gradient Mocse

Without nega/ive spring Wiéh neya/ive spring (L=1k

S,.P’(f) =ix10° 0 E Hz'h af oKz J’,.s )5 2xwtE e al 0.1 He

Goal set b‘j 19¢3 wor/(:hof > 3xwt EHeh .




CANTILEVER SPRING

-é—VJ//// ULJA-

/

D
L
87 i+

e ——- .\‘Q_Q‘Q_Q_\"up_,. g hn Q '.' Q_"\-Q’ ...... -‘

200
In L
— I —]
O

1, SQUID

-
O
PR,

r——-——-—.—_—_—————_—._-—.——_.—_—_——_

0 —

7

------ ~.9.w.aa.~r%a.z;:w.\zzz-----

—y L L L LLL LT

e e e e

Sensing circuit
aa/J'qu ratio of 1, fo ./2 fo balance out
common mode accelerations.

Levita Lion c:’r(luif ————

Efz-% , Let,ely, o LizsnAld +x)

Increases on/fj common modle resonance /’reyumg
(~%40 Hz)




vAa’c/,-{/aﬁa/ /Eanc/[o/;; gf :g_“f’eff'aﬂa'ua‘/hy [:'r(uif ‘

I Feedback
a. cold damping

b. force rebalance
¢. high freyuencj rejection

I Three dimensional balance

_M. /oa:.rivo f(’j?c)‘;on o/ fom/oorafaro c/ri//




Feedback Functions

Force reobalance

Maintains null position of proof masses.
Reduces nonlinearities.
Increases dynamic range.

Reduces cross caap/c'na

_[ﬁc/ Qamg/ﬂj

Reduces amplitude of h/3/7 @ resonance pcak.
Prevents ¢m/o/o‘;4‘or ‘overfoad.,

Increases ::’9/14/ fo noise ratls 67 ,ar-rmz#inj
/11'5/7 coa/o/z'nﬁ.

High _/r_eyu@m(j r_c-\/'c-c//an

Reduces amﬁl,'}aa/e of peaér ahove resonance

/rec;uemg.




Primar Error JSources
J

TGm#Gra/urC-‘ .{(’nri%iu.'fg (pmer’raf:'cm a/o/ofﬁ)

Farfia//ﬂ cancelled by common mode batance.

TGm/:vemfure :/af.n'/f/ o/ 1y aid /K‘/:am
(lambda poin o/aemjion)

Peassive rejec{fon bf} penetrafion a’e,a/é

Hermoemeter.,

Sensit,ve Ax/s d,'.fa//?n ment
Lincar motion — three dimensionel/ balance .
Ingu/ar motion — iﬂ/er/acc wi//{ s/x-axrs

acceleromeater.

Centrifical acceleration

Interface with sir-axis accelerometer.




I Basiwe D:S‘\gn

@ IS ue moniton the motion Ff a S:nglg Proot
Mass , we can MEASUNe accelertions w al/

Six c)@amc:s ot Lreedom.

Tn order yo maximize +he nomber Oﬁ
Cm+rz>l Sof:fcwcs ;<& N Pmog massS IS

C onSty Jeted !

SR

A\

L

Each face of the proof mss has a Jevrtection /
,)Cceo“oa,c,g co'\l and SanStn;\g CO'l| [n close
.PPOX‘U/NTQ.

Theso coils are mount & on 8 cobes thed”
@+ n cuch ome of tle 8 Quadvants of +he
prost mass.




Supercan duc t‘/ng Six-axis Accelerometer

dWs
Proof mass (Niobium) Coil form (Macor ceramic)

(a) (b)

Y4 Sensing coil
_ m e
X — 777777777 —_— X

Coils (24 sensing coils + 24 levitation coils)

(c)




§]I09 UOI4D}IAR™] <— ¥IDQPaa]. -—— S|109 Buisuas

(q)
&
b 3, Z ainos
Ax Y fxz
(D)
ainos

£ -0

prnoan)  bupanpuorsadng
L




Intrinsic ,_f_/gecltra./ Noise

E,tt)]

o. 1 k?

1.5 K

10¢

arf (2,/’0)7'
S (f) = -ﬁ' [KB m T+ _~2/0
.4 2vf '
5‘ (/) [K T q('{) + (Z’ZL/’/':—) E’ {/)]
Lesign Parameters
Fraaf masJs m
resonance freyuenmj /’o
temperature T
gua/ffg fac for &
amp//A‘cr roise £,

energy | caap/fnﬁ foc for Y

momen/ a/’ l'ﬂ(‘r,'l.a j

Acceloration - Moise
Sglh) =

skef) -

40" q¢ He's |

. : -4
3507 rad s H; R

sy JH:"

~ 4

3x/0 "(kg m’

/—'a.l Ne

/’:a./ He




@ LLVITATION CIRCUIT

Equar'ion.r of Motion:

. Y
N H T -Q! 2
X, t (W, + &)X +X,) *{mz) Wy X, < 9,
)

e m, \%
Kot (wpy 4@ ) 45,04 ) )y wy, X, = 4,

2 - . .
m, w,o s Kio S mec/)amca/ rprmg ('an.rfam‘
K.« 96 . ) (:p‘ )=_¢1 ié)l AL L=l
1L )XTZ = Jx.l 2{L:*Lz) L? Ix: - 273 3—2,‘_1. ) IRCF)
E:‘jenfre7u<°nc es:
)
' 2 e BV s r ol sl [(z : 2 1}24 2‘(}1]/2
wi o Pty 1y E[(W), ¢l =Wl ) T T4 &y
~ (W ~wi X -a)) + 4 (W} -}
‘ ~ ‘2'}"4:*%: fa/,: *wz’z -t'(a/,:"‘dzt)[/* (%o za)i (8 z,u) f( "3 10)2
| @ty

2 1 1 ? 2
Wy z%[‘d/o tl,, + 2{1«)”_ 'aJZL)]

t

~ 2
W. = {(“4:*“}10)

for this design,
W =Wy, = AM(LSH) @) Ty = 27(294)

w, = r(¥0Ha) gy @ % 2r(4.5He)




Fxd

Hz

S0




Mod.fied inductance due 4o superconducting  plane :

V) yereet mass/y

y
!T— 0000000000000 6
3
‘ //.III/T/ /117/
il form helder

! 41 /
Cialzrn) s drden ) Acunk

Expand to 274 srder

1

c= /. Lio _ .. Lie ]
L, L,o[/ P T 71'.0,-4'3

Hodi/iea’ equa//'on.r a/ma//an;

: %

o . ? mi i
Xn' * /wio 1“‘j.,o t@;y ){Y, '2;'6) "{I’?J’) W) 4y, z’j B ﬁl'

a~ ) ] 2 2 3
w_"~ ‘] (41/“ t Wy, le,, *%ﬂ)

@. = 2v(I15Ha)




e
® ®

bt
.s.c“.r?\&(d. 2.
qad)g AN

— —
wIGVMIINY wagangn? vk !
52 -oE
AP

IV ED

1

Tt enog

LR E PN Y33 uT)
4574

- —
pum j1m lads Oy
4l 25 suvisyg Ifs

4821 wiprnyvn) Lhisaq

S T F T S T T T
%mnbu«uushnmam&

{ |
b 96 (&

.
98 bL

OLZrZs .\.SE.N&»\.»Q 74420i0pOIE)

[
waysAg

prpabopur

ArJui Ny
sIAv-)

(stxv—204w)

T 2hsapord

r21bo)ou o)
Aav|) Uy

(smv—-jbues)
1 v\bggm




TITLE OF PAPER: Development of A Three-Axis Superconducting Gravity Gradiometer

and A Six—Axis Superconducting Accelerometer

SPEAKER: Martin Vol Moody

QUESTIONS AND COMMENTS:

1.

Question: Charles F. Martin

The non-linear effects of levitation at 11.5 Hz caused by "d" and "D”
dimensions can be ignored in space. Can you adjust adequately for
surface or near earth use?

Resgonse:

Yes, that distance can be adjusted and should present no problem in near
earth operation.

Question: Anthony R. Barringer

Is the six axis accelerometer applicable in a 1 "g” environment?

Resgonse:

Yes. We plan to test it in a 1l "g" environment. It will levitate at

1 "g".
Questicn: James E. Fix
What Q (qualitv factor) did you achieve?

Response:

Q is pressure limited. Achieved Q = 102 in tests at Stanford.




THE GRAVITATIONAL MAGNETIC FIELD OF THE EARTH
AND THE POSSIBILITY OF MEASURING IT
USING AN ORBITING GRAVITY GRADIOMETER

by
Dr. Bahram Méshhoon
Department of Physics and Astronomy
University of Missouri-Columbia

Columbia, MO 65211

ABSTRACT
Einstein's theory of gravitation predicts that a rotaring body such as the

Earth carries the local inertial frames around it ("dragging of the inertial
frames”™). This results in an effective gravitational "magnetic” field due to
mass current in addition to the usual - i.e., essentially Newtonian - gravita-
tional “"electric” field, in close analogy with the electromagnetic field around
a rotating charged body. This fundamental prediction of general relativity has
not vet been tested. A gravity gradiometer in Earth orbit measures mostly the
components of the tidal field (i.e., curvature tensor) of the Earth. The
gravitational "electric” and "magnetic” fields of the Earth are reflected in
the tidal tensor. The tldal accelerations due to a rctating system have been
studied and the relativistic corrections to the Newtonian results have been
deteramined (Mashhoon and Theiss, Phys. Rev. Lett. 49, 1542-1545, 1982). The
possibility of wmeasuring relativistic effects using Paik's superconducting

gravity gradiometer currently under development is investigated.
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TITLE OF PAPER: The Gravitational Magnetic Field of the Earth and the Possibility
of Measuring it Using an Orbiting Gravity Gradiometer

SPEAKER: Bahram Mashhoon

OQUESTIONS AND COMMENTS:

l. Question: Dan Long

Have the gravitational magnetic effects been derived classically as can be
done in Electricity and Magnetism?

Response:

One would get about the same results but that theory has defects and I have
not used it.

ro
.

Question: Alan Zorn

Your satellite examples show that the relativistic correction terms are
both conservative and harmonic (symmetric and traceless). 1Is this true
in general?

Response:

Yes, general relativity implies this in general.

3. Question: Charles Finley

Does the orientation of the spacecraft, i.e., the orientation of the SGG

within the Spacecraft (inertial vs. earth pointing) make a difference
for this experiment? 1If so, which would be preferred?

Response:

In theory, it would not matter which orientation were used since the
deviation from true gyroscopic inertial orientation would have to be
measured and/or determined. However, in practice this is an important
question in that they would want the orientation to be such as to minimize
the difficulty in measuring the deviation from the true inertial.

4. Question: Warren Heller

What is the size of the quadrilateral/magnetic effect in ordinary terms?
Response:

3 x 10-1ll of an orbit time.




TESTS OF GENERAL RELATIVITY IN EARTH ORBIT
USING A SUPERCNDUCTING GRAVITY GRADIOMETER

by
Dr. Ho Jung Paik
Department of Physico and Astronomy

University of Maryland

College Park, MD 20742
ABSTRACT

A gravity gradiometer measures a component of the Riemann curvature tensor

which is the fundamental gravitational field in General Relativity. Both the
nass M and the angular momentum J of a spinning object contribute to the Riemann
tensor. For the Earth, the relativistic corrections due to M and J amount to
7 x 10710 and 8 x 10"l of the Newtonian gravity gradient, respectively. These
effects could be resolved with a signal-to-noise ratio of 10 in one year by a
three-axis superconducting gravity gradiometer of 1074 E Hz"1/2 sensitivity in a
low-altitude polar orbit. We discuss the experimental strategy and the require-

ments that these experiments put on the orbit and the altitude control of the

spacecraft.
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TESTS OF GENERAL RELATIVITY

| IN EARTH ORBIT USING A
SUPERCONDUCTING GRAVITY GRADIOMETER

Ho Jung Faik
Department of Physics and Astronom
University of Maryland, Collepe Park

2/13/87
o

/. Earth’s Gravity Feld in Generg Relativity
2. Null Test of Einstern’s Feld E,uq})‘o».r
(Search for a Fftn Force)

3. Detecllon of Gravitabonal "Mdineb'c “Fetd
4 Inshumest, Spacecruft and Orbit Re g rements




( Earn’s Gravily Feld in General Relativity o
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Magnitudes of Effects
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e , “
«, Null Test of Einstein’s Feld Eﬂmﬁon_f

By summing fa outputs of a threc-nyis

d
Z o= & (-a-3xt10y41) =0,

Consegucnce of Field Egunafons :

Ruv= TR = 8T Tpow

Main Sourtes of emor .
)) Non-orMoJonali/y of Mree sensifive axes

-"-'?Earh-—poinﬁni orentabion
3-) M:smatch of Three scale fnctors

= Interchane of Axes
or wnbinuous coss celbrafion

Error = Scale facter mismateh X pohﬁna errer

3) Cenbifugal accelerafion

[ = Atiinde stabilyation or compensafion
with Me aid of Six-axis accelerometer




Fig. 3.3.

8=

Angular pattern of the gravity gradiometer
response to a point mass.
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TITLE OF PAPER: Tests of General Relativity in Earth Orbit Using A Superconducting
Gravity Gradiometer '

SPEAKER: Ho Jung Paik

QUESTIONS AND COMMENTS:

1. Question: Richard Hansen

——

What about interference to dragging of inertial frames from higher moments
of the earth?

Response:

These appear at higher multiples of the orbital frequency. The only effects
which can interfere are those with components at orbital frequency.

2. Question: Alan Zorn

Can you comment on the relationship between the current state of scale
factor mismatch that you expect on your current instrument _and how the

requirements for null test (l10”"") and magnetic field (107?) experiments can be
met?

Response:

We expect 105 on the current 3-axis instrument, so the magnetic field
experiment can be done pretty easily. We recognize that the null test
experiment will be much harder. However, post processing of the data will
help us reach this goal, we bulieve.




MAGNETIC ISOLATION-CLOSING THE LOOP

by

Dr. Dave Sonnabend
Mr. A. Miguel fan Martin
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California Institute of Technology

ABSTRACT
Progress on the design, construction, and testing of the JPL single axis
magnetic isolation test facility has been previously reported. Our more receat
work has been to close the loop with a digital computer, in order to try out
various vibration isolation and semi drag free control laws. The status of
this work will be reported. For vibration isolation, we will discuss both the
theoretical limitations of the technique, and the test limitations imposed by
the facility. Finally, for semi drag free operation, we will look at shaping

of the current impulses, to minimnize the excitation of vibration modes of the

floated instrument.




Magnetic Isolation—Closing the Loop

Dave Sonnabend and A. Miguel San Martin

Jet Propulsion Laboratory
California Institute of Technology

8 February 1987

Abstract

Progress on the design, construction, and testing of the JPL single
axis magnetic isolation test facility has been previously reported. Qur
more recent work has been to close the loop with a digital computer,
in order to try out various vibration and semi drag free control laws.
The status of this work will be reported. For vibration isolation, we
will discuss both the theoretical limitations of the technique, and the
test limitations imposed by the facility. Finally, for semi drag free
operation, we will look at shaping of the current impulses, to minimize
the excitation of vibration modes of the floated instrument.

1 Introduction

Previous work on magnetic eddy current isolation of gradiometers was re-
ported in Refs. 1 and 2. A single axis torsion pendulum facility was de-
scribed, on which vibration isolation and semi drag free operation ideas
could be tested. The facility characteristics, and initial testing of the mag-
netic forcers was reported in Ref. 2. The abstract above tells what we would
like to have said today; but, as we have not made that much progress, I'll
discuss only what we’ve actually accomplished. Mostly, this will cover our
efforts to close a digital control loop around the magnetic test facility. At
the end I'll also mention some parallel analytical work, at Arizona State
University, on the physics of eddy currents.




2 Hardware Description' ‘

The plant (the original facility) comprises the torsion pendulum, four eddy
current actuators, and two sensors. A photo, from Ref. 1, is shown in Fig. 1.
The actuators are mounted externally, on brackets, positioned at opposite
faces of the box (where the gradiometer would reside), two on each side. The
coil axes are normal to the box faces, along the direction of the box motion.
The design and implementation of the torsion pendulum and actuators are
described in Ref. 2. A condensed theoretical treatment of eddy current
forcing is given in Ref. 1; and a substantial generalization in Ref. 3. A
synopsis of the latter work is presented here. in the final section.

The two sensors measure the displacement between the box and the brack-
ets. They are Kaman Instrument Co. eddy current sensors, Model KD-2400.
Each sensor consists of two subassemblies—the sensor head and a signal con-
ditioning module. The proximity of the sensor to the box controls a variable
gain oscillator within the conditioning module. The oscillator amplitude is
detected to provide an analog signal proportional to displacement. Among
the sensor features are low cost, no contact, 10 kHz frequency response,
adjustable gauge factor, and 0.25 mm resolution.

The function of the control loop is to execute a control law, designed to
achieve certain performance objectives. The controller samples analog data
from the sensors, converts these to digital form, computes actuator com-
mands according to the trial control law. converts back to analog, and fi-
nally doles out power to the actuators. All these operations are carried
out periodically, in real time. The two most important requirements of this
hardware are at least 12 bit resolution, and a sampling frequency of at least
10 Hz.

Fig. 2 shows the block diagram of the control loop. The computer is a PC’s
Limited IBM AT compatible; and its characteristics are listed in Table 1.
The function of the computer is to carry out the calculations dictated by
the control law, control the overall timing of the loop, and generate test
evaluation data.

The input/output interface board is located in one of the expansion slots of
the computer, and is connected to the computer output bus. Its function is
to perform A/D and D/A input and output conversions. Table 2 lists the
functions of the interface board. The board consists of a multiplexer, one




A/D and two D/A converters, a clock, and a microprocessor that controls
the operation of these elements and communicates with the computer mi-
croprocessor in a high level command language. The analog outputs are of
the sample and hold type. Purely digital input and output lines are also
provided.

The signal generator provides an analog sinusoidal constant amplitude and
frequency signal. We are presently operating at 40 kHz. The amplitude
modulator regulates the amplitude of the sinusoid according to the control
signal from the interface board. At the time of the talk, this was a multiply-
ing D/A converter (see Fig. 3); requiring a digital output from the interface
board. However, due to the unavailability of the DAC1220 micro-chip, this
approach was changed to using an analog modulator, as shown in Fig. 4.

Finally, the function of the power amplifier is to amplify the signal from the
amplitude modulator to provide the desired current to the forcing coils. It
is a standard stereo audio amplifier, a Phase Linear Model 400, Series Two.
It can put out 205 watts rms into 8 € loads, and has a bandwidth of 50
kHz. Since the talk, these loops have all been closed; and simple control
laws have been demonstrated.

3 Eddy Current Analysis

In a parallel effort to achieve a better understanding of the physics of eddy
current interactions, a contract was let to Arizona State University. Ear-
lier work, summarized in Ref. 1, examined a conductive spherical shell on
the axis of a circular coil, carrying a sinusoidal current. The force and
dissipation were calculated. The newer work, reported in Ref. 3, extends
this to off-axis cases, and computes the torque on the sphere. The analyt-
ical results are much too complicated to be presented here; however, the
qualitative results are summarized in Fig. 5. As might be expected from
symmetry considerations, the axial repelling force does not depend on dis-
placement from the axis, to first order in this displacement; and there is no
torque on-axis. However, off-axis, to first order in the displacement, there
is a force tending to restore the sphere to the axis, and a torque tending to
roll the sphere toward the coil, both proportional to the displacement. The
dissipation in the sphere was shown not to vary, to first order in displace-
ment. Future work is planned in this area to develop an electrical model of




the coil-sphere combination, that will serve as a basis for design of practical
isolation systems.

References

1) Seaman, C. H., and Sonnabend, D.; “Semi Drag Free Gravity Gradiom-
etry”; J. Astron. Sci.; Vol. 33, No. 4; 1985.

2) Seaman, C. H., and Sonnabend, D.; “A Laboratory Single Axis Magnetic
Isolator”; JPL EM 343-1004; 3-21-86.

3) Bergman, J., and Hestenes, D.; “Eddy Currents in a Conducting Sphere”;
Dept. of Physics, Ariz. St. Univ. Final Report; 10-86; JPL No. 9950-1269.




1 oaLgeL

SM1d*1dV IS1S I0VNINVT INIWWVYI0Ud o
SO0 “WILSAS INILVY3dO o
ELAJUTE[

d3INIdd 68 Xd NOSd] e
AV1dSIQ JWOYHIONOW e
*STVYIHd 1 43d

G4v0g FIV4IIINI LNO-NI NOILVISNVYL ViVd -
140d WI¥3IS/1ITIVYEVYd e
GYVI STIHAVYI STINJYIH e

*SQAV09d IDV4YIUNI

40553008d-00 HLYW /8208 e
(33dS X307 ZHWS e
AS10 QYVH GWOE o
AS1A AddO1d GX09¢ ANV HSIQ AddOT4 8WZ'T o
WYY 83019 e
*SINLVI

VIVA NOILVATVAI LSAL IIVYINID o

(dV08d JOVJY3INI LNdINO/LNANI 40 NOI1VYId0 TOYINOD e

JWIL TV3IY NI SMVT TOYLINOD V11910 INIWITIWI e
*SNOILIONNA

J1911VdWO0J 1V W8I Q3LIWIT S, 0d e
“1300W GNV ONVYg

d31NdWOD

el




= P

AJ0710 TYNYILXT e

4300141 TIYNYILXT e

A3070 JTAVIWWYYI0Ud TYNYILNI e

1Nd1NO ONV LNdNI TV1I91Q 40 SANIT 9 o

NOISYIANOD VIQ L19-2T HLIM SLNdINO 90TYNY 2 e

NOISYIANOD Q¥ 11921 HLIM SINdNI 90TVYNY 108/3S9T e
‘SNLY

d001 T041NOJ 3HL 404 INIWIL SIAIAOYd e
SNOISYIANOD V1VQ V-01-0 ANV 0-01-V SWY0483d -
SINd1NO ONV SLINdNI TVLIOIA/90TVNY J1d 1 1INW STTANVH -
SY0LVNLIV ANV SYOSNIS HLIM ¥3ILNdWOI SIIVIYILNI e
*SNOILONNA

108210 NOILVISNVYL VIVQ e
“13G0W OGNV ANVY9

QiavO9d 2OVAYAINI L1NdLINO/LNdNI =

ARG AR LA R




VRS DI

Fig. 1. Magnetic Isolation Test Facility




HLAIMANVYE ZH 0T e
NOILN10S3Y 118 ¢T o
*SINIWIHINO 4001

dI31dWY
d3IMOd

(S1109)
SYOLYNLIV

o P
7 °andtd
YOLVYINIO
TNOIS 43LNdW0D
(ZHY Ov) TYN9IS
QAI0SANIS
qyvos
QOLVINAOW | o | 39yiyaini SYOSNIS
wN9Is | JANLIAWY | qyngs 1n0-NI
q3LVINAOW T04INOD i
NOVEa3H INJSEND
WVYIAOVIA D079 WALSAS (=

*Z °an31g




(D0TVNY)
1¥YNOIS

(LVINGOW

50>

't °andry

MO1 SEINANI TYLIQIONY 41 0
HOIH ST INdNI VLI9IANV 4l 1

NV
NV JY3IHM

EE L

NT> "TASA0L-

960V , 8 . ¥ vamnuso>

- (v1131q)
TVYNOIS T04INOD

AR v v

4341 TdWY ,_‘ ++
YNOI1V43d0 \ 02Z10V0 (90TYNY)
= YILYINOD [z  TUNDIS
I\ V/0 ONIAWILINW A IVGIOSANIS

43143ANOD 90TVYNY O TYLIOIQ INIATILINW 3SN @
‘HOVO0UddY

(TYNOIS TVQIOSANIS 3ANLINdWY INVISNOD) X (TYNIIS TO¥LNOD) = (TYNIIS QILVINAOW)

JOLVINAOW IANLITdWY

13N 00dd ONIMOTI04 IHL SWY0JY3d e
*NOILONNS

lf™



CIRCUIT SCHEMATIC

— T 0 ve oUPVI
e
@ o
'.l“l'“. ve 2 T
AL ' f
L1E]
Poua
“o- ?
oyt "
) : Prmprp
(VY.
n¥ Q "\¥ "
vie wo— : . )
TYPICAL MODULATOR CIRCUIT
" ).' @ *Nlve
A -I:Tu 10 8% 10 &y T 1w
l " T 1 i: i
- v 1af '-—v: Lo v,
=k vy
u,:'f'. o Y uC13008
vs ) [
%00uLATING o= ® -V
HeaAL 02
[ b " ' R

CARRMR BULL

Figure 4,

Analog

Modulator




Figure 5.

EDDY CURRENT ANALYSIS

COIL SPHERE
Force: Zero Order - Away from Coil
First Order - Toward Axis

Torque: Zero Order - None
First Order - Roll Toward Coil

Dissipation: No First Order
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LABORATORY G(R) EXPERIMENT - PROGRESS REPORT*
by .
Dr. Dan Long
Department of Physics

Eastern Washington University
theney, WA 99004

ABSTRACT

I report on progress in the three areas of vibrations, the optical lever,
and the isothermal environment. All vibrating machinery has been decoupled from
the laboratory floor and supported from the second floor above. The apparatus
table has been rigidified against low frequency vibrations. Preliaminary
measurements indicate a reduction of about a factor of 4 of unwanted vibrations
coupling into the torsion pendulum. The new optical lever is now fully opera-
tional. It appears to have a 5 part per ten thousand per hour drift which
cannot be traced to a particular cause such as the light source power supply.
I suspect long term deformation of the light bulb filament is taking place.
This drift should present no measurement problem, but is disappointing. Con-
structinn of a new (fireproof) isothermal ingulation jacket for the apparatus

ts now in progress along with the construction of the thermal regulation device.

I hope to report on a fully operational signal to noise ratio at the conference.

* Work supported by AR Contract No. F19628-86-K-0014.
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[ report on progress In overhauling and Improving the
Zastern Washington University Cavendlsh Torslion Balance. Recent ’
lmprovements, mainly funded by AFGL, are {llustrated in the
followlng slides presented at thl conference. These substantial
modlfications addressed reducing the cffects of tilt on the
output signal, reducing vibrations, and improving thermal
stabllity. The last illustration shows the gravitational force
signal now put out by the apparatus. It indicates about a 2 part
per ten thousand torque signal stability. This is about a factor

of 10 improvement over previous work.




View (1) The entire apparatus with ring masses in view. Note

the thin aluminum legs which are reinforced in the next picture.




View (2) 3 x 3 x 1/2 aluminum angle has been used to reinforce
the frame. The 1/2” aluminum plate below the main table was

later loaded with 200 1lbs of lead.




A view of the frame showing the cross reinforcing.

View (3)




View (4) A further

reinforcing.

view from the rear showing the cross




View (5) The new, tilt proof, optical lever of quasi auto

collimator design can be seen in the right portion of the photo.




View (6) The new optical lever features a newly constructed

external light source and flber optics.

driic in the vacuum chamber.

This reduces tempecrature




View (7) The fan for cooling the optical lever light source is
mounted on the I beams of the second floor above to provide
vibrational {solation. The 4 x 4 Iin the plcture can exert a few
tons agalnst the second floor to tilt the floor and apparatus at

will, without introducing further gravitational masses near the

apparatus.




View (8) The newly

shielded output box

constructed, thermally,

for the optical lever.

and electrically




View (9) The fore pump 1s mounted on 300 1lbs of steel suspended
from the second floor above by chains. The vacuum hose goes to

500 1bs of scrap steel which markedly reduces vibrations.




View (10) After leaving the 500 lbs {nertial block mass, the

fore-llne hose goes to a 400 1lbs mass mounted on lead bricks.




View (11) The newly constructed isothermal water bath needed to

supply the diffusion pump with constant temperature water has

several vibrating components. These are mouanted on the angle

flron seen hanging down.




View (12) The water bath angle iron proceeds through the

to the gsecond floor 1 beams above.

ceiling




View (13) Heater and control thermister with fail~-safe
thermostat mounted on the 6 inch exhaust plpe of the main vacuun

chamber.




View (14) Heater and control theramister with fail-safe

thermostat mounted on the North-East leg.




View (15) Heater and control thermister with fail safe

thermostat mounted on the West leg.




View (16) The five 0.01°% Yellow Springs Insgstrument Company

thermal controllers used to control power to the heaters.




71{ew (17) Newly constructed, fire proof, fitser glass fabric aad

fitser glass felled insulation.




View (18) Insulation of the sphere top. An additional 6 inch

hood covers what 1{s seen.

stability over a few hours.

o
Preliminary results suggest 0-001 C




View (19) A thermister shown on the side of the attracted ball
chamber. Thi{s thermister will monitor any changes in temperature
produced by fintroducing the attracting masseg near the chamber.

18 thermisters have been mounted on the apparatus.
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View (20)

Strip chart trace of the optical lever Jutput of the
gravitational signal. 10 intervals {3 1% of the ring torque
signal. The centroid of the sine wave seems stable to 2 or 3

parts per ten thousand of the ring torque.




